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ABSTRACT
The Constant Rate of Strain (CRS) test provides an efficient and a relatively rapid method to
determine properties (stress history, compressibility, hydraulic conductivity, and rate of
consolidation) of a cohesive soil and possess many advantages over the incremental oedometer
test. Ease of operation and the ability to take frequent readings provides tremendous labor
savings and a better definition of the compression curve. However, the test has some
disadvantages including, pore pressure measurement errors, initial transient conditions, and
strain rate dependent soil behavior. There is also no set standard for the method of analysis to
be used for interpretation of the CRS data. This experimental and theoretical study evaluates
parameters that affect CRS test results, including strain rate sensitivity, testing device effects,
and different methods used to interpret the data.
An extensive program was conducted on Resedimented Boston Blue Clay (RBBC) and
Resedimented Vicksburg Buckshot Clay (RVBC) to study the behavior during constant rate of
strain consolidation. Strain rate sensitivity was measured using the Wissa Constant rate of
strain device. Two special CRS tests were performed to evaluate the pore pressure measuring
system and to. assess transient conditions. Two analysis methods proposed by Wissa et al.
(1971) were scrutinized using a numerical simulation on a model soil.
The stiffness of the pore pressure system relative to the soil stiffness is extremely important in
tests with high Aub/,. Both soils were found to be strain rate sensitive. The softer RVBC had
little sensitivity in compression and c, behavior. However, the k, decreased with increasing
hydraulic gradient. Stiffer RBBC had a high sensitivity in compression and c, behavior. k, was
insensitive to gradient but this observation is believed to be an error caused by the system
stiffness.
The findings support the use of either the linear or nonlinear theory provided the Aub/a, is kept
below 0.15. The system stiffness, relative to the soil stiffness, is very important and negatively
impacts results as the AubI, increases. The transient duration is well predicted by Wissa's
F3 = 0.4 limit. Based on numerical simulation, it was shown that the established equations to
compute k, and c, should be modified to account for large deformations.
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Chapter 1 Introduction
1.1 Background and Problem Statement
Until the early 1970's, a conventional oedometer test, based on Terzaghi's theory, was used to
obtain compression characteristics of cohesive soils. In a conventional oedometer, load
increment ratios (LIR) of unity (AoA/ = 1) are normally applied, and, although sometimes not
necessary, each increment is left on for 24 hours, which adds to the duration of the test. This
simulates the loading condition of Terzaghi's theory and allows for the interpretation of the
data to get k and c. The application of stress increments is repeated to aid in developing a
compression (stress-strain) relationship. Since a load increment ratio of one is used, large
spaces between points are common which complicates the determination of some of the
settlement parameters. Lowering the LIR, which provides a better compression curve
definition, complicates definition of the time-settlement curve and thus time to the end of
primary consolidation. Another drawback of the conventional oedometer test is the fact that
the procedure is very difficult to completely automate. Even if some parts of the test are able to
be computer-automated and a data acquisition system is incorporated, the effort required to
interpret the test data is still fairly time consuming.
In 1969 Smith & Wahls published an approximate solution for the constant rate of strain
consolidation process and proposed the CRS test as a consolidation test method. A rigorous
solution, which accounts for initial transient effects, was published by Wissa et al. (1971).
Because of its many advantages, the CRS test has now been accepted in many parts of the
world.
The CRS consolidation test provides an efficient and a relatively rapid method to determine
consolidation properties (stress history, compressibility, hydraulic conductivity, and rate of
consolidation) of a cohesive soil and has many advantages over the incremental oedometer test.
Although the CRS test has many advantages, it is not without disadvantages. Unlike the
incremental loading (IL) test, secondary compression data cannot easily be distinguished,
another problem is that the generated pore-water pressures are strain-rate dependent: therefore
16
strain rate can play a big role in final test results. Wissa et al. (1971) also pointed out that
immediately as the piston was set in motion a transient condition develops, which made the
task of predicting the coefficient of consolidation (c,) and hydraulic conductivity (k) much
more difficult. Another problem is that there is not a standard analysis method for reducing
CRS data, so the same CRS test could provide different results based on the analysis method.
1.2 Research Objectives
The overall objective of this research program is to establish testing parameters for the
Constant Rate of Strain (CRS) test. Testing parameters must be set in order to ensure
consistency in testing and data reduction methods, therefore the focus of this research will be
on identifying factors that contribute to inconsistencies in CRS test results, such as testing
device effects, strain rate effects, soil type and types of CRS analysis methods used in CRS data
calculations.
The equipment and procedures used in this research are based on devices and techniques
developed at MIT through various research projects involving laboratory testing of cohesive
soils. The experimental program conducted tests on resedimented Boston Blue Clay,
Vicksburg Buckshot Clay and Vicksburg Silt to study strain rate effects on different types of
soil. The CRS tests were performed using the Wissa Constant Rate of Strain Device. Two
analysis methods proposed by Wissa et al. (1971) for interpreting CRS data were scrutinized
using a numerical simulation on a model soil.
The results from the experimental program were used to analyze strain rate effects and two
types of CRS analysis methods, the linear and nonlinear theories proposed by Wissa et al.
(1971). Practical recommendations for CRS testing will be considered.
1.3 Organization
Chapter 2 provides a literature review of previous research in CRS testing of cohesive soils and
the analysis methods used to interpret CRS data. The Chapter also provides a brief synopsis on
the advantages of CRS testing versus incremental oedometer testing and also provides
information on other types of continuous loading type of tests.
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Chapter 3 describes the equipment and test procedures that were used to conduct the individual
tests in this program. Included is a description of the procedure for resedimenting Boston Blue
Clay, Vicksburg Buckshot Clay and Vicksburg Silt. Also included is the description of the
Wissa conslidometer, and the data reduction program.
Chapter 4 evaluates the application of equations used to interpret the CRS test, linear and
nonlinear theories specifically, presented by Wissa et al. (1971). Also presented, is a numerical
simulation using a model soil to look at strain rate effects on CRS calculations and to also
scrutinize analytical methods used to interpret CRS data.
Chapter 5 presents the results of tests performed on resedimented Boston Blue Clay and
Vicksburg Buckshot Clay. An evaluation of the index and consolidation properties of the
tested soils is included. It also includes results from tests on the Wissa consolidometer's pore
pressure measuring system.
Chapter 6 evaluates the results of 10 CRS tests performed on RVBC and 13 CRS tests
performed on RBBC presented in Chapter 5. The analysis includes a description of the basic
trends in RVBC and RBBC due to varying the strain rate. The Chapter also includes an
evaluation of the pore pressure measuring system.
Chapter 6 presents a summary of the thesis, conclusions from the research and
recommendations for future research on this topic.
18
Chapter 2 Background
2.1 Early History of Consolidation
Consolidation tests are usually performed to determine stress-strain relationships in confined
compression and to obtain parameters (i.e. k and c,.) for use in Terzaghi's theory or one of its
progeny. The term "consolidation," as a technical term, dates back to at least 1809 and was
widely used in the late 1800s (Olson 1986). Early experiments to determine the consolidation
characteristics of remolded clays were reported by Spring (1901) and Frontard (1914), and in
1910 Moran, referenced by Enkeboll (1946), performed one-dimensional consolidation tests
using undisturbed samples.
2.2 Overview of One-Dimensional Consolidation at a Constant Rate of Strain (CRS)
Until the early 1970's, a conventional oedometer test, based on Terzaghi's theory, was used to
obtain compression characteristics of cohesive soils. In a conventional oedometer, load
increment ratios (LIR) of unity (A/s = 1) are normally applied, and, although sometimes not
necessary, each increment is left on for 24 hours, which adds to the duration of the test. Each
load (stress) increment is applied quickly and the time deformation curve is measured. This
simulates the loading condition of Terzaghi's theory and allows for the interpretation of the
data to get k and c. The application of stress increments is repeated to aid in developing a
compression (stress-strain) relationship. Since a load increment ratio of one is used, large
spaces between points are common which complicates the determination of some of the
settlement parameters. Lowering the LIR, which provides a better compression curve
definition, complicates definition of the time-settlement curve and thus time to the end of
primary consolidation. Another drawback of the conventional oedometer test is the fact that
the procedure is very difficult to completely automate. Even if some parts of the test are able to
be computer-automated and a data acquisition system is incorporated, the effort required to
interpret the test data is still fairly time consuming.
Alternative testing techniques performed under continuous loading conditions were later
introduced, and some of these were, controlled gradient (Lowe et al. 1969), constant rate of
19
loading (Aboshi et al. 1970) and constant rate of strain (Smith and Wahls 1969; Wissa et al.
1971).
Hamilton & Crawford (1959) were one of the first to mention a constant rate of strain
consolidation test as a means of rapidly determining both the preconsolidation stress (-',) and
the void ratio (e) versus effective stress (-') relationship. In 1969 Smith & Wahis published
an approximate solution for the constant rate of strain consolidation process and proposed the
CRS test as a consolidation test method. A rigorous solution, which accounted for initial
transient effects, was published by Wissa et al. (1971). followed by the publication of a number
of large strain theories (Helm 1987; Lee 1981: Umehara and Zen 1979; Znidarcic et al. 1986).
Because of its many advantages, the CRS test has now been accepted in many parts of the
world; the Swedish Geotechnical Institute adopted the CRS test as a standard in 1977 (Larsson
and Sallfors 1986), the Norwegian Geotechnical Institute adopted it in 1980 (Sandbaekken et
al. 1986), the American Society for Testing and Materials published its standard test method D
4186 (currently under revision) in 1982, the French Laboratories des Ponts et Chaussdes issued
a provisional standard in 1984 (Ducasse et al. 1986) and the Canadians have provided extensive
guidelines for performing CRS testing on sensitive natural clays (Kabbaj et al. 1986; Leroueil
et al. 1985).
The CRS consolidation test provides an efficient and a relatively rapid method to determine
consolidation properties (stress history, compressibility, hydraulic conductivity, and rate of
consolidation) of a cohesive soil. The size of the CRS specimen and trimming procedures are
very similar to that of the incremental oedometer. The CRS test also provides many advantages
over the incrementally loaded (IL) oedometer test: (1) the test and data reduction methods are
relatively simple and are easily automated: (2) readings taken frequently produce a large
number of points in the compression curve which provides a more accurate way to determine
settlement parameters; (3) it is more efficient and less labor intensive to perform and to reduce
the data: (4) faster than normal incremental oedometer. however the flow rate is much lower in
a CRS test and hence the test is faster because a lot of time is "wasted" during secondary
compression; (5) can be setup to back pressure saturate specimens. Note that if in an
incremental oedometer test, the load is changed at the end of primary (EOP) than the
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incremental oedometer test would be much faster than a CRS test. This is due to the fact that if
the hydraulic conductivity (k) of the soil is very low then the CRS test can be very slow
because the strain rate is proportional to k (E,,e - k).
Although the CRS test has many advantages, it is not without disadvantages. Unlike the
incremental loading (IL) test, secondary compression data cannot easily be distinguished,
unless special procedures are instituted. Another problem is that the generated pore-water
pressures are strain-rate dependent; therefore a suitable strain rate must be established before
loading commences. Finally, Wissa et al. (1971) pointed out that immediately as the piston
was set in motion a transient condition develops, which made the task of predicting the
coefficient of consolidation (c,) and hydraulic conductivity (k) much more difficult.
2.2.1 CRS Testing Equipment
Figure 2-1 shows a schematic of the general purpose consolidometer developed by Wissa at
MIT. It should be noted that there are a number of different devices used for CRS testing
(Armour and Drnevich 1986; Kassim and Clarke 1999: Lee et al. 1993; Sandbaekken et al.
1986; Sheahan and Watters 1996), the Wissa consolidometer is "typical" of CRS testing
devices. The test specimen held inside a stainless steel ring rests directly on a fine ceramic
stone epoxied into the base. The specimen is typically loaded at a constant rate of strain by
moving the piston with a gear driven load frame. During the test, a transducer connected
through the porous stone measures the excess pore pressure at the base of the specimen. The
chamber pressure is measured through another transducer outside the apparatus. The vertical
load, which is a reaction caused by the specimen stiffness, is measured by an external load cell.
The imposed displacement is measured by an LVDT attached to the piston. Chapter 3 includes
a complete description of the apparatus and some recent modifications to the equipment.
2.2.2 Constant Rate of Strain Consolidation Theory
The contributions of the theory of Smith & Wahls (1969) and subsequent theoretical
developments by others are that these theories have allowed the determination of average
effective stress (u'1 ), void ratio (e), coefficient of consolidation (c,) and hydraulic conductivity
(k). The two most popular theories for interpreting CRS data would be Smith & Wahls (1969)
(linear theory) and Wissa et al. (1971) (nonlinear theory). Different theories, however, lead to
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different equations for calculating the average effective stress ('), void ratio (e), coefficient of
consolidation (c,) and hydraulic conductivity (k), and thus creates some discrepancies between
the two theories. Recent efforts, by some researchers (Lee et al. 1993; Sheahan and Watters
1997; Shimizu 1998), has helped to clarify some of the issues surrounding the theories used for
interpreting CRS data.
2.2.2.1 Smith and Wahis (Linear Theory)
Smith & Wahls (1969) developed the governing equation for constant rate of strain
consolidation in a manner similar to that of Terzaghi's theory. They analyzed their data, from
constant rate of strain tests, using a solution that applies only after the transient component has
dissipated. The basic model was obtained by introducing some, but not all of Terzaghi
assumptions. Their theory is based on the following assumptions:
1) The soil is both homogeneous and saturated.
2) Both the water and the solids are incompressible relative to the soil skeleton.
3) Darcy's law is valid for flow through the soil.
4) The soil is laterally confined and drainage occurs only in the vertical direction.
5) Both the total and the effective stresses are uniform along a horizontal plane, i.e., stress
differentials occur only between different horizontal planes.
Based on the continuity of flow through a soil element, the basic equation of consolidation is:
a k aut I ae
- - - - . -= - -[2-1]
az YW a7 , +e at
where:
z - vertical coordinate of the point
k - hydraulic conductivity
Y - unit weight of water
i - excess pore-water pressure
t - time
e - void ratio
Equation [2-1] is further simplified by assuming that the hydraulic conductivity (k) of the soil.
is a function of the average void ratio ( Thus, k becomes a function of time only and
independent of position. Their solution also assumes that the change in void ratio with time is
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so small that infinitesimal strains exist and that since there are no lateral strains and the strain
rate is constant, the volumetric rate of change is also constant, making ae/Dt constant. The final
expression for the excess pore-water pressure at the base of the specimen is a function of
hydraulic conductivity and rate of change of the average void ratio:
Excess Pore-Water Pressure, Aub:
yAub - .V(-sH 2 [lb 1 [2-2]
k-(1-e.,) _2 s 12
where:
AuI, - base excess pore-water pressure
s - rate of change of the average void ratio, "' "
At
H - specimen height
eavg - average void ratio
k - hydraulic conductivity
b - constant that depends on the variation in void ratio with depth and time
b/s - dimensionless ratio that indicates the variation in void ratio with depth
In order to obtain the void ratio versus effective stress relationship, an expression for average
effective stress (c'.) that involves variables measured in the testing procedure was developed:
Average Effective Stress, a':
- .= at, - aAu, [2-3]
where:
a', - average vertical effective stress
a - the ratio of the average pore-water pressure, uavg, to the pore-water pressure at the base,
Aub
Wahls and de Godoy (1965) noted that in an incremental loading test a is 1.0 at the beginning,
but beyond a time factor of around 0.2, a has reached a steady state value of about 0.63. For
the case of stress increasing linearly with time they estimated that a began at about 2/3 and
gradually dropped to a value of around 0.64. Table 2-1 shows the variation of a with respect to
the dimensionless ratio (b/s).
The expression for the coefficient of consolidation, based on Terzaghi's theory, is presented
below:
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Terzaghi defined the coefficient of consolidation, cy, as:
c k k -(1+e) [2-4]
mI. a-y
Substituting for k with equation [2-2] yields:
V,=s-H2 ~[1 _b( 1 [25c.= h.[---- ---) [2-5]
a, -Au _2 s 12_
where:
Ae
a, - coefficient of volume compressibility, - A'
m, - coefficient of volume compressibility, AE
One issue surrounding these equations is that viscous strain rate effects on clays vary with
different types of soils. Smith & Wahls' solution did not, however, indicate whether there is a
critical strain rate beyond which the solution is no longer valid. Instead, these authors proposed
an empirical method that sets the maximum test rate by limiting the ratio of excess pore-water
pressure (Aub) in the undrained face to the total vertical stress ((-v) (see Equation [2-11]). This
empirical method has since been adopted by many individuals, although the actual ratio used
by different people differs (Table 2-2), this is probably due to the fact that the tests presented
by different individuals were performed on different types of cohesive soils.
2.2.2.2 Wissa's Theories
Wissa provides the first complete solution, which predicts initial transient conditions generated
in the soil as the piston was set in motion and that must be dissipated before steady state
conditions exist. They developed more general solutions that consisted of an initial transient
portion and a steady state portion by assuming that:
1) Infinitesimal strains exist
2) The coefficient of consolidation (c,) is constant with any variation of hydraulic
conductivity (k) and coefficient of volume compressibility (m,.)
3) Deformation and flow occur in the vertical direction only
4) Both the water and solids are incompressible relative to the soil skeleton
5) The soil is completely saturated
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They developed the expression of strain distribution within the sample by solving the basic
equation of nonlinear consolidation theory, expressed in terms of compression strain (Davis
1965). The solutions can be used to derive the required expression for the average effective
stress (a',), the coefficient of consolidation (c,.) and hydraulic conductivity (k) for both a linear
and nonlinear stress-strain relationship. Similar to Smith & Wahls' theory, the solutions of
Wissa et al. (1971) hold regardless of the strain rate applied to the specimen. These authors
therefore also adopted the ratio of excess pore-water pressure (u,), to the total vertical stress
(o-3, as the parameter for selecting a suitable strain test rate.
The governing equation for consolidation, used by Wissa (1971), is:
c - 2 E - [2-6]
where:
c, - coefficient of consolidation, Eqn. [2-4]
t - time
z - vertical coordinate of a point
E - vertical strain
The solution obtained by Wissa et al. (1971) gives the strain as a function of time factor, T, and
dimensionless spatial variable X. It is expressed in the following form:
=e(X, ) rt[ +F(X,T,)] [2-7]
where:
H - specimen height
X - dimensionless spatial variable = z/H; z = 0 at the upper end and z = H at the bottom of
the specimen
r - strain rate,
At
T, - time factor, c- 2 [2-8]
H
1 2 cosnirX
F(X, Tj=- (2-6X+3X)- , - , -exp(-n i,rT) [2-9]
6 T, V,~ 1 , n
The two components of the strain help explain what happens during the test. The first part
represents the average imposed strain, or what the case would be if the strains were the same
everywhere in the specimen. The second expression (F) consists of two parts. The first
represents the deviation from the average strain in the steady state case. It is not a transient
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condition and is independent of time. This deviation must exist to provide the gradient
necessary for a constant flow of pore fluid. The second term in Eqn. [2-9] is the transient part
of the solution and describes the decay of the initial discontinuities setup at the start of the test.
Figure 2-2 shows the deviation from the average strain as a function of depth for various times
in the test. The value of T, essentially indicates the degree of transience in the specimen strain
distribution, and as shown in Figure 2-2, the transient component becomes insignificant by the
time T,. = 0.5. Note that the equations that will be presented in the following sections for linear
and nonlinear theories are as presented by Wissa (1971). These equations will be further
analyzed and scrutinized in the following Chapters, please refer to Chapter 6 for the suggested
set of equations to be used for both linear and nonlinear theories.
2.2.2.2.1 Modified Linear Theory
Wissa et al. (1971) further developed and simplified the linear theory (Smith and Wahls 1969)
by a number of different ways. He first showed that the state in which Tv < 0.5 is where a
'transient state condition' exists and the state in which Tv 0.5 is where the transient has
dissipated and a 'steady state condition' exists (Figure 2-2). The early stages of loading, where
the transient component in Equation [2-9] is significant, T,. can be found using a function F3,
which at any time, t, is found from:
f= [2-10]
CV, - V,(t=O)
The function F3 is not linear with respect to T. and therefore an iteration technique must be
used to determine T, or a plot of Tv versus F3 can be used to determine T. (Figure 2-3). After
T. has been determined, and the value of T, is less than 0.5, we can determine cv by using Eqn.
[2-8] and then use Eqn. [2-4] to solve for k. The vertical effective stress can be calculated
using equation [2-3].
Once steady state conditions are established (T, >0.5 or F3 > 0.4), Wissa et al. (1971) further
simplified Smith & Wahls linear stress-strain relationship equations to derive a'y, c, and k and
those equations are shown below:
Average Effective Stress, a',:
' =a ~Ai [2-11]
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where:
,- is the total vertical stress applied to the specimen and any given time and equals
=0 -usc Ub
where:
lib - is the pore-water pressure at the drainage boundary (applied back pressure)
If in Smith & Wahls (1969) Eqn. [2-2] we assume b/s = 0 and we replace s (rate of change of
void ratio) with r (strain rate), we end up with an equation for k that is shown below:
Hydraulic Conductivity, k:
k =r-H - [2-12]
2-Aub
By assuming b/s = 0 gives a value of a = 2/3 (Table 2-1), which is a reasonable average value
of a for a constant rate of strain test, as was explained in Section 2.2.2.1.
Smith and Wahls have the term (1 +e,,,g) in the denominator of their equation, if this were
instead (1+e,), the two equations would be identical for b/s = 0. But this difference causes
negligible differences in the computed values.
By using Terzaghi's definition of c, (Eqn. [2-4]) we get:
Coefficient of Consolidation, c,,:
C k [2-4]
mV Iy
Substituting for:
mv = = r- At [2-13]
And:
(k, [2-12])
Gives:
cV - [2-14]
Again. by replacing s with r we end with very similar equations to that of Smith & Wahls with
the only difference being the use of (1+e,) instead of (I+ea,.g) for b/s = 0.
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2.2.2.2.2 Nonlinear Theory
The solution of Wissa et al. (1971) is based on the nonlinear consolidation theory of Davis &
Raymond (1965). As in the linear theory, the solution consists of a transient and a steady-state
condition. The transition between these two phases is independent of the strain rate. The
equations are presented below:
For a nonlinear (constant compression index, Ce) material the strain will be proportional to the
change in logarithms of the effective stresses, and at any time, t we can define:
log(as. - Aub) - log(Qa,=O))F, = [2-15]
a,- log(ae_,
As in the linear theory, the function F3 is not linear with respect to T, so an iteration technique
must be used to determine T, or a plot such as in Figure 2-3 can be used. Sheahan et al. (1997)
used regression analysis on Wissa's plot (Figure 2-3) of T, versus F3 to present a simplified
equation for calculating T.:
T = 4.78-(F,) 3 -3.21-(F) 2 +1.65-F +0.0356 [2-16]
For T, values smaller than 0.5, c, and k can be calculated by using Eqn. [2-8], and Eqn. [2-4]
using the nonlinear m, (Eqn. [2-19]) respectively. The effective stress can be calculated using
Equation [2-17].
When T, is greater than about 0.5, steady state conditions can be assumed and a',, c, and k are
calculated as follows:
Average Effective Vertical Stress, c',:
V' =( -2- -Au, +a, -Au ) [2-17]
Coefficient of Consolidation, c,:
H -log[Cv2
c -d [2-18]
2 .At -log I _ &
Rearranging Eqn. [2-4] gives Hydraulic Conductivity, k:
k =c, -,. yW [2-4]
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Substituting for:
0.434. r -At
m1= .- [2-19]
a'. - 10ogC
And:
(ci, Eqn. [2-18])
Gives:
0.434-r-H 
-y..Atk=-.4 r - " [2-20]
2-a -log I
When the ratio of Aub/cr. (the ratio of the excess pore pressure ub in the undrained face to the
total vertical stress ok.) is relatively small, the expressions obtained from using different stress-
strain relationships are very similar and begin to diverge as the ratio of Aub/0, increases.
Figure 2-4 shows the divergence of the ratio of the calculated c, for the linear theory over the
calculated c, for the nonlinear theory (with a minor modification in the equation, refer to Wissa
(1971) for more information) versus the ratio of Au/a, to help show the divergence of c, as
AuI/a, increases.
2.3 Previous Research on One-Dimensional Consolidation at a Constant Rate of
Strain
2.3.1 Isochrone Method (Sheahan and Watters 1997)
Sheahan & Watters (1997) presented (CRS) consolidation tests on Resedimented Boston Blue
Clay (RBBC) using a specially instrumented, computer automated hydraulic consolidation
device (Figure 2-6). The automation of the device and setup procedures are described by
Watters (1994) and Sheahan & Watters (1996). Specimens were loaded using one of three
vertical strain rates (0.1, 1, and 3 %/hr), and pore-water pressures were measured at three points
through the specimen height and at the base as shown in Figure 2-6. The CRS results were
compared to incrementally loaded (IL) oedometer tests performed using standard procedures.
For the two faster rates, the CRS data were reduced using two different methods, Wissa's
nonlinear theory (Section 2.2.2.2.2) and by direct integration of the pore-water pressure
distribution throughout the specimen ("isochrone method"). In the isochrone method, the
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measured excess pore-water pressure distribution through the specimen was analytically curve
fitted and integrated and the resultant area was used to compute the average effective stress, -',.
in the specimen at a specific time and axial strain point. Table 2-3 provides a summary of the
consolidation tests performed.
The results show that at the two faster rates, the CRS tests based on nonlinear CRS theory are
consistent with those obtained using the isochrone method (Figure 2-7). Figure 2-7 presents
CRS and (IL) oedometer results which appear to correlate fairly well with one another. At all
strain rates tested, there appears to be no evidence of strain rate effects on the preconsolidation
stress and virgin compressibility, even when the value of (Aub/ub) exceeded 70 %. Sheahan &
Watters (1997) support the validity of nonlinear CRS theory and suggests that less structured
clays such as those tested may have less rate dependence during consolidation than soils with
strong interparticle bonding and structure.
2.4 Other Types of Controlled Rate of Loading Tests
2.4.1 Controlled Gradient Test (CG)
The controlled gradient test (CG) proposed by Lowe et al. (1969) is similar to the CRS test
except that the specimen is loaded at a variable strain rate such that the excess pore-water
pressure generated at the base of the specimen remains constant. Thus a constant hydraulic
gradient is established across the specimen. This implies that the rate of deformation is
governed by the hydraulic conductivity. The rate of deformation is thus relatively rapid until
the preconsolidation stress is reached, but then drops abruptly to a very slow rate of
deformation. The further development of rate of deformation with stress depends on the type
of soil because the relation coefficient of consolidation-stress depends on the type of soil. An
assumption of a parabolic distribution of pore-water pressure across the specimen yields
equations for -', k and c, identical to those derived for the CRS tests. Since the equations
derived for the reduction of the CG and CRS test data are the same, both tests may be reduced
using the same procedure.
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CG tests run on Swedish clays by Larsson (1986), determined that the test was rate (gradient)-
dependent and that with the very small gradients that could be allowed in soft, normally
consolidated clays with fairly low preconsolidation stresses, the CG would be very time
consuming. (Ladd 1999) suggested that since the strain rate varies to maintain a constant
gradient the compression curve will not follow just one end of primary line. The rate of
deformation will be initially fast until the precosolidation stress and then it will drop to a slower
deformation rate. The change in strain rate will cause the compression curve to change from
one primary line to another (Figure 2-5), which is uncharacteristic of typical loading
conditions.
2.4.2 Constant Rate of Loading Test (CRL)
Another type of test, is the constant rate of loading test (CRL), which as the name suggests
applies a constant loading rate to the specimen. The CRL test was originally proposed by
Aboshi (1970) and was further developed at the Norwegian Technical University by Janbu
(1981). The mathematical solution for the interpretation of the test was given by Janbu et al.
(1981). The rate of deformation in this test is dependent on the coefficient of consolidation, but
since the pore pressure and the gradient are allowed to increase with increasing stress, the CRL
test is faster to run than the CG.
Von Fay (1986) gives several reasons for the development of the CRL apparatus. The first was
to better simulate certain construction loading conditions such as those imposed by
embankments, dams, and large structures. Since different methods of testing may yield
different values for soil properties, it is desirable to simulate field conditions as closely as
possible when testing soils in the laboratory. The second reason was to overcome some of the
negative aspects of the conventional testing method, such as: (1) the long period of time
required to obtain test results, from two to as much as five weeks; (2) assumed high hydraulic
gradients imposed on the specimen; and (3) innate limitations of the conventional testing
equipment itself, for example, no capability for most apparatuses to measure pore pressure
(which determines the state of consolidation) and to apply back pressure (which ensures
saturation).
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Investigations by Larsson (1986) have shown that the CRL test, like all oedometer tests is
highly rate-dependent. The results are similar to the results from CRS tests but seldom
identical.
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Table 2-1 Variations in cc with (b/s) (Smith and Wahls 1969)
b/s 0.0 0.5 1.0 1.5 2.0
a 0.667 0.682 0.700 0.722 0.750
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Table 2-2 Recommended Values of Ratio of Excess Pore-Water Pressure, ab and
Applied Total Stress, a,
__Aut/- Soil Tested Reference
0.50
0.02 - 0.05
0.1-0.15
0.3-0.5
0.15
0.70(2)
0.30
Kaolinite, Calcium Montmorillonite
and Messena clay
Boston Blue Clay (BBC)
Bakebol Clay
Kentucky Soils
Signapore Marine Clay
Resedimented Boston Blue Clay
(RBBC)
(Smith and Wahls 1969)
(Wissa et al. 1971)
(Sallfors 1975)
(Gorman et al. 1978)
(Lee et al. 1993)
(Sheahan and Watters 1997)
ASTM (D 4186-89)
(1) where G* = (7 - us
(2) value is (Aub/ub), which is the maximum base excess pore-water pressure during
consolidation, as a percentage of original back pressure
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Table 2-3 Summary of Consolidation Test Results; Conventional IL Oedometer and
CRS Rowe Cell Tests on RBBC (Sheahan and Watters 1997)
Initial Initial Initial
Vertical Specimen Water Void
Strain Rate Height Content Ratio Maximum
Test EV'rate H wv eC i/A CR u,/
Number (%/hr) (mm) (%) (kPa) (kPa) I (%)
(a) Test Type 1D Incremental Loading Oedometer (63.5 mm Diameter Specimen)
OED18 IL 22.86 45.26 1.227 100 - 0.175 -
OED19 IL 22.86 46.36 1.246 91 - 0.169 -
OED20 IL 22.86 45.96 1.280 92 - 0.175 -
OED21 IL 22.86 46.78 [ 1.271 95 - 0.174 -
(a) Test Type ID Constant Rate of Strain (CRS): Rowe Cell (151 mm Diameter Specimen)
Rowe5 0.12 59.2 45.26 1.281 103 340 0.159 2.'
Rowe6 0.09 59.9 46.32 1.279 93 321 0.150 3.4
Rowel2 0.10 61.8 44.13 1.236 95 349 0.160 1.0
Rowe9 1.00 63.6 47.26 1.305 96 367 0.153 21.8
RowelO 1.00 62.8 47.86 1.337 88 346 0.157 17.8
Rowe ll 1.00 61.8 47.64 1.339 89 329 0.157 18.6
Rowe7 3.00 55.2 47.37 1.255 97 442 0.165 67.8
Rowe8 3.00 63.8 47.37 1.320 96 510 0.160 77.0
Rowel3 3.00 64.8 44.13 1.338 93 420 0.152 70.9
(1) IL = incrementally loaded
(2) Maximum base excess pore-water pressure during consolidation, as a percentage of original back pressure
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MIT General Purpose Consolidometer (Wissa et al. 1971)
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Figure 2-5 Semilogarithmic Plot of Effective Stress Versus Void Ratio (after Ladd
1999)
40
Figure 2-6 Cross Section Schematic of Instrumented Hydraulic Consolidation (Rowe)
Cell (Sheahan and Watters 1997)
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Chapter 3 Equipment and Test Procedures
3.1 Introduction
The equipment and procedures used in this research are based on devices and techniques
developed at MIT through various research projects involving laboratory testing of cohesive
soils. This chapter describes the equipment and procedures used in this research in four
sections. Sections 3.2, 3.3, and 3.4 summarize the resedimentation procedure of Boston Blue
Clay, Vicksburg Buckshot Clay and Vicksburg Silt, respectively. Section 3.5 covers the Wissa
Constant Rate of Strain Device, apparatus compressibility equations and data interpretation
procedures.
3.2 Resedimented Boston Blue Clay
Resedimented Boston Blue Clay (RBBC) was one of the soils used for the experimental
program for the following reasons: 1) procedures for manufacturing uniform samples of
resedimented BBC were well-established by Germaine (1982) with the most recent procedures
described by Seah (1990); 2) the engineering properties of RBBC are well-established from
previous laboratory tests; 3) there has been extensive analytical research to model the
properties of RBBC (Whittle 1987). In addition to being a uniform material with established
properties, RBBC has the advantage that its behavior is representative of natural, uncemented
clay deposits. Therefore, trends in behavior may be generalized to properties of many natural
deposits with adjustment to specific site conditions. The natural material is a lean illitic glacio-
marine clay of low to medium sensitivity *deposited in the Boston basin.
3.2.1 Batch Consolidometer
The consolidometer used, is a rigid-walled, stainless steel cylinder attached to a 1.75 cm thick
stainless steel baseplate (Figure 3-2). The cylinder has an inside diameter of 30 cm, a height of
25 cm, and a wall thickness of I cm. The chamber has been used at MIT since 1980 for the
preparation of RBBC samples (Germaine 1982).
Figure 3-2 shows a schematic cross-section of the chamber. During consolidation, the top of
the clay sample is loaded incrementally through a rigid cap (and attached piston), which is
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sealed against the chamber wall by a lubricated O-ring. A stacked linear ball bearing assembly
that minimizes friction guides movements of the piston assembly. Pore water is free to drain
through a 0.5 cm thick porous plastic disc attached to the top cap and through a 0.85 cm thick
porous stone that fits on the baseplate. The plastic disc is secured to the top cap with screws in
order to facilitate cleaning and assembly procedures. The base porous stone, which is made of
vitrified aluminum oxide (AlO 2) with an average grain size diameter of 120 gm and an induced
porosity of 45%, simply lies in a recess within the baseplate. To prevent the migration of soil
particles and porous plate penetration into the clay surface during consolidation, filter paper
(Whatman #1, 0.014 cm thick) separates the clay from the porous disc at the top and the porous
stone at the bottom.
3.2.2 Batching Procedure
Natural Boston Blue Clay (BBC) was deposited in the Boston basin about 12,000 to 14,000
years ago following the Wisconsin glacial period (Kenney 1964). The material for the batch of
RBBC used in this research is part of Series IV, obtained in 1992 from the base of an
excavation for MIT's Biology Building (Building 68). The natural material was retrieved from
a depth of approximately 12 meters with overconsolidation ratio from 1.3 to 4.3. Softened with
tap water, the material was mixed into a thick slurry and passed through a #10 US standard
sieve to remove all large soil particles, wood, and shells. The slurry was then oven dried and
ground to a powder with 95% passing a #100 US sieve. This stock powder is stored in sealed
40-gallon containers until it is used to make blocks of resedimented material (Cauble 1996).
The remainder of the resedimentation process is divided into four stages: sedimentation,
consolidation, extrusion, and trimming.
The equipment used for mixing and sedimentation is shown in Figure 3-1. Under a vacuum, 15
kg of oven-dried powder and 15 kg of deaired, distilled water are added alternately in small
quantities to the mixing chamber. Approximately 100 gm of sodium chloride (in a salt to cause
flocculation) and 2 ml of phenol (a bacterial growth inhibitor) are also added to the slurry
during initial steps of the process. The resulting slurry is stable (i.e. no free water develops at
the surface). Throughout the addition of all components, the upper chamber is isolated from
the lower chamber, and the mixing blades are rotating at approximately 60 rpm. With all
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ingredients added, the slurry, at roughly 100 % water content, is mixed for 30 minutes at 120
rpm. Finally, while still under a vacuum, the two chambers are connected and the slurry is
sprayed through the lower free-fall chamber into the consolidometer.
At this point the vacuum is released, the free-fall chamber is removed, and the consolidation
process begins. The slurry is incrementally loaded with a load increment ratio (LIR) of I up to
a maximum stress of 1 ksc, and then unloaded to 0.25 ksc to produce an OCR of 4. This is
done in 7 loading increments, each left on for 48 hours to allow full primary consolidation,
beginning with the application of 0.0156 ksc. Figure 3-3 shows the loading geometries
required at different stress levels. At very low stresses, it is necessary to have a pulley and
counterweights to compensate for the weight of the piston. Once the increment is larger than
the weight of the piston and attachments, weights are set directly on the piston. Finally, for
stresses over 0.125 ksc the consolidometer is moved into a loading frame where the load is
applied by an air pressure cylinder. During the entire consolidation process, a displacement
transducer measures the vertical deformation, and once in the load frame, a load cell measures
the force.
Several methods are reported for the extrusion procedure. For the batch used in this research,
the tie rods and bolts were removed such that the piston, steel chamber, and porous base were
independent of each other. Initially, the porous base was replaced by a plexiglass base. The
piston was then held in place, trying not to apply excessive pressure to the soil, while the
chamber was pulled vertically away from the soil. This leaves the final soil cake resting on the
plexiglass base (Figure 3-4). In general it is believed that the RBBC is characterized by low
sample disturbance because at an OCR of 4, the soil is very close to a hydrostatic stress state,
resulting in minimal shear strains from removal of the sample from the chamber (Santagata
1998).
Finally, the sample is cut in several large pieces, using the soil cake-trimming device (Figure
3-5), being careful that the soil is always supported by plexiglass and not moved by hand. The
size of these smaller pieces depends on the expected tests; so some planning is required to
maximize the number of specimens obtained from each batch. Each piece of soil is wrapped
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with plastic wrap, a layer of a 1:1 mixture of paraffin wax and petroleum jelly, a second layer
of plastic, and a second layer of the wax mixture. Ideally the pieces are stored in a humid room
at 90 - 100 % relative humidity with stable temperature, keeping the water content constant
until they are used for testing.
3.2.3 Index Properties
Material index tests are a useful way to compare properties between series and batches of
RBBC and also provide a measure of quality control. Because RBBC has been used so
extensively at MIT, a large database of both index and engineering properties exists, and it is
beneficial to be able to compare the current batch to the database. Table 3-1 summarizes index
tests run on batches from Series IV RBBC, while Table 3-2 summarizes index tests run on
batches from the previous three series (Cauble 1996).
Measurements of specific gravity were not run for this research, however the value has been
fairly consistent between batches (Force 1998). Results from previous series range from 2.75
to 2.785, although Cauble reports a higher value of 2.81 for Series IV. An average value of
2.78 was chosen for this research.
Figure 3-7 shows Atterberg limits reported by Cauble (1996) for Series IV RBBC. One set was
run on the current batch (No. 420) to confirm that the batch is typical of this series (Force
1998). The plastic limit is wp = 22.6%, the liquid limit is wi =45.2%, and the plasticity index is
Ip= 22.6%. These are within the standard deviation of the values reported by Cauble (1996):
wp =23.5+1 1%, w = 46.1+0.9%, and Ip = 22.7±1.4%.
Figure 3-8 shows grain size distribution curves for 5 different batches from Series IV and also
includes a curve for the powder alone before sedimentation. The data are very consistent, with
an average clay fraction of 58±1.2%. Salt content, measured by conductivity and calibrated
against a KCL standard, was 11.6±1.5 g/l (Cauble 1996). The salt content should be adjusted
during batching to reach a concentration of 16 g/l to control clay fabric. Recent batches,
however, have not been properly adjusted, resulting in the lower value reported by Cauble.
Table 3-2 includes values of salt content in previous research, ranging from 2 g/l to 35 g/l.
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Organic content by loss on ignition was 4.4% for this series, however these data are not
available for previous series (Cauble 1996).
Engineering properties of RBBC relating to consolidation will be discussed in Chapter 5. For
more detailed summary of the material properties, see Santagata (, 1998 #61).
3.3 Resedimented Vicksburg Buckshot Clay
It was decided that Resedimented Vicksburg Buckshot Clay (RVBC) would also be used in this
research in order to have another type of uniform material with constant and known properties.
It will also help to further study the trends observed in RBBC by using a soil (RVBC) with
different soil properties than RBBC. The natural VBC is classified as a high plasticity (fat)
clay (CH). RVBC provides some of the same advantages that RBBC does, the index properties
of RVBC are well known due to the fact that the ASTM Institute for Standards Research (ISR)
Reference Soils and Testing Program has chosen Vicksburg Buckshot Clay as one of it's four
reference soils. ASTM plans to provide the engineering community with soils of known
material properties to help in facilitating and/or validating all types of quality control and
quality assurance programs. This ASTM program will help to develop precision statements for
thirteen ASTM test methods that will be available for the balloting process in Committee D- 18
on Soil and Rock (Ladd 1997).
3.3.1 Batching Procedure (Method 1)
The material for the batch of RVBC used in this research was obtained from ASTM/ISR in a
dry powder form. The AASHTO Materials Reference Laboratory (AMRL) was in charge of
mixing the material and performing the necessary testing to confirm uniformity (Ladd 1997).
Since the material had already been received in a uniform powder state, a slightly different
resedimentation process, than that of RBBC, was used. As in RBBC, the process is still
divided into four stages: sedimentation, consolidation, extrusion, and trimming.
Batches of resedimented material were formed by mixing the dry powder with distilled water to
form a slurry having a water content (w) of 80% corresponding approximately to w = 1.4 w1 ,
where wi is the Liquid Limit. The slurry is then placed in a beaker and boiled for
approximately five minutes. While at a boiling point, the soil is periodically agitated to remove
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any entrapped air. While still hot, the slurry is then poured into a modified oedometer
apparatus (Figure 3-6), which roughly has a 12 cm height and a 6.5 cm diameter. The modified
oedometer is filled with the slurry up to it's midheight (6 cm). The slurry is allowed to settle,
under it's own weight, for 24 hours. The sample is then one-dimensionally consolidated with a
load increment ratio (LIR) of 1 up to a maximum stress (o-') of 0.75 ksc, then unloaded to
0.188 ksc to produce an OCR of 4. This is done in 8 loading increments, each left on for 24
hours to allow full primary consolidation, beginning with the application of 0.03 ksc (filter
paper and top stone). The next load applied is the top cap and it is left on for 24 hours. The
sample is consolidated the rest of the way using a load frame. During the entire consolidation
process the vertical deformation is measured by a displacement transducer.
After the sample has been unloaded, it is then extruded from the ring and trimmed into the
sample ring and transferred to the CRS cell for testing.
3.3.2 Batching Procedure (Method 2)
Several CRS tests were performed on samples that were prepared using the resedimentation
procedure explained above (3.3.1), but it was determined that this method provided
inconsistencies in the final CRS results. It was decided that the batch consolidometer, used for
the resedimentiation of RBBC (described in 3.2.1), would be used since it creates a specimen
large enough to provide multiple samples for CRS testing under the same general conditions
(i.e. water content (w), vertical effective stress (-',), etc.). The material for this batch of RVBC
is part of Series I and is from the same batch of dry soil described in Section 3.3.1. The
resedimentation process is divided into the same four stages: sedimentation, consolidation,
extrusion and trimming.
The batch of resedimented material was formed by mixing 8 kg of dry powder and 6 kg of
distilled water, equilibrate under standard conditions, which forms a slurry having a water
content (w) of 75% corresponding approximately to w 1.25 wi,. The slurry is then placed in a
large container and boiled for approximately five minutes. While at a boiling point, the soil is
periodically agitated to remove any entrapped air. Still hot, the slurry is poured into the batch
consolidometer (Figure 3-2). It was calculated that to obtain a specimen with a final height of
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approximately 7.5 cm, the consolidometer needed to be filled, with the slurry, to a height of I1
cm. The consolidometer was filled with slurry to the calculated height (1 1 cm) and was then
allowed to settle, under it's own weight, for 24 hours. As explained in Section 3.3.1, the
sample is then loaded to a c-', of 0.75 ksc and then unloaded to 0.188 ksc to produce an OCR of
4. The loading is performed in 8 increments, beginning with the application of 0.008 ksc.
Figure 3-3 shows the loading geometries required at different stress levels and Section 3.2.2
provides a brief description of the process at each level. During the first two stages (Figure
3-3) of the consolidation process, the vertical deformation is measured by a dial gage, and once
in the load frame (Stage 3), the vertical deformation and the applied force are measured by a
displacement transducer and a load cell respectively.
The extrusion and specimen trimming procedures are the same procedures that were used for
RBBC (3.2.2).
3.3.3 Index Properties
Index properties for RVBC were attained from results provided by ASTM Institute for
Standards Research (ISR) Reference Soils and Testing Program.
A specific gravity value of 2.714 was used for this research. Published data by Donaghe (1978)
revealed a specific gravity value of 2.69 for RVBC and a specific gravity of 2.74 reported by
Ladd (1957) for Vicksburg Buckshot Clay.
Figure 3-7 shows Atterberg limits. The plastic limit is wp = 20.4%, the liquid limit is w, =
59.7%, and the plasticity index is I = 39.3%. Again these values were compared to published
data and those revealed a plastic limit of wp = 21%, a liquid limit of wi = 57%, and a plasticity
index of Ip = 36% (Donaghe 1978). Ladd (1957) reported a plastic limit of wp = 25%, a liquid
limit of wi = 63%, and a plasticity index of Ip = 38%.
Figure 3-9 shows grain size distribution curve for RVBC. From the plot and using the MIT
classification system we can infer an approximate clay fraction of 47%.
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3.4 Resedimented Vicksburg Silt
Resedimented Vicksburg Silt (RVS) was chosen for the same reasons that are explained in
Section 3.3. It is beneficial to have soils with different soil properties to aid in the correlation
of observed trends to form a general testing guideline of all types of soils. RVS is classified as
a silt (ML). Two types of batching procedures were used to make resedimented samples of
RVS, one being similar to that used for RVBC (3.3.1 Method 1) aside from the fact that these
batches were formed by mixing a slurry having a water content (w) of 70% corresponding
approximately to w ~ 1.2 wi instead of the 1.4 wL that was used for RVBC. The second
batching method used is described below.
3.4.1 Batching Procedure
RVS is highly sensitive to liquefaction. Trimming the specimen into a ring, after batch
consolidation, became extremely difficult since it was very easy for the effective stresses in the
sample to go to zero during the trimming procedure. This problem created highly erratic and
irrepeatable CRS results. It was decided that a slightly different approach would be used to
attain repeatable results.
The same sedimentation procedure that is described in (3.3.1) was used in this case. Where the
two methods differed is in the consolidation procedure, instead of pouring the hot slurry into
the modified oedometer and then trimming the specimen into a ring, the hot slurry was poured
directly into the partially assembled CRS apparatus. The slurry was then allowed to settle,
under it's own weight, for 24 hours. The filter and top stone are then placed on the specimen
and the vertical displacement are measured using a depth micrometer. The CRS apparatus was
then assembled and the sample was backpressure saturated.
3.4.2 Index Properties
Index properties for RVS were attained from results provided by ASTM Institute for Standards
Research (ISR) Reference Soils and Testing Program.
A specific gravity value of 2.725 was used for this research.
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Figure 3-7 shows Atterberg limits. The plastic limit is wp = 23.4 2.0%, the liquid limit is wi =
27.3 ±2.5%, and the plasticity index is I,= 3.9 4.5%.
Figure 3-9 shows grain size distribution curve for RVS. From the plot and using the MIT
classification system we can infer an approximate clay fraction of 8.4%.
3.5 Constant Rate of Strain Apparatus
3.5.1 Wissa Consolidometer
A general purpose consolidometer was developed at MIT by Wissa et al. (1971). This device
provided more flexibility in testing than the conventional incremental oedometer test. With the
new apparatus, specimens could be saturated at constant volume under a backpressure. then
loaded with no lateral strains by three different methods: under incremental loads, at a constant
rate of strain, or at a constant rate of stress. The same equipment is used for this research
although it has been modified as described in the following sections.
A schematic of the original consolidometer is shown in Figure 3-10. Figure 3-11 shows the
same device with the recent modifications. Originally, the device had two separate chambers,
the cell chamber and the test specimen chamber. The two were hydraulically isolated from
each other by a rolling diaphragm seal connected between the loading cap and the outer
retaining ring. With this arrangement, the specimen could be loaded incrementally by
increasing the cell pressure in increments or by externally loading the piston using a hanger and
weights or an air jack. It could be loaded at a constant rate of stress by increasing the cell
pressure at a constant rate. Finally, it could be loaded at a constant rate of strain by a gear
driven load frame moving the piston at a constant velocity. However, with the retaining ring
and the top cap connected by the diaphragm, large seating errors occurred and the system was
also extremely difficult to assemble. The problem was solved by the removal of the
diaphragm, although constant rate of stress consolidation is no longer possible.
Originally, drainage occurred through a coarse porous stone epoxied to the underside of the top
loading cap. This was connected to drainage lines leading to valves in the base plate. and onto
a twin burette volume change apparatus to monitor flow. With the removal of the diaphragm
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seal, the top of the specimen is directly open to the cell chamber pressure. The loading cap was
also modified to be permanently attached to the piston to ease the process of evaluating
compressibility of the apparatus. In addition, the stone is no longer attached, allowing it to be
boiled or placed in ultrasound for cleaning and saturation. The drainage lines were removed,
and the cell chamber pressure is now controlled through the opening in the base plate where the
top drainage lines were previously connected. Mercury pots are raised vertically to increase the
pressure and are connected to a mercury water interface leading to the chamber.
The excess pore pressure is measured on the bottom face of the specimen through the base of
the apparatus. A high air-entry ceramic porous stone is epoxied into a recess in the center of
the base plate. A small hole connects the stone to the pressure transducer, and another small
hole serves as a vent when connecting the transducer. The pore pressure measuring system has
very low volume compressibility, making response time short, though it is very important that
the system be completely saturated.
The specimen is trimmed into a thin walled stainless steel retaining ring using a removable
knife-edge shoe cutter. Monofilament nylon is placed on the top of the specimen, however
there is no filter paper on the bottom, and the specimen ring and specimen are placed directly
on the ceramic stone in the base. A sturdier outer retaining ring is fit over the specimen ring
and the two are sealed together by an o-ring at the base. Another o-ring seals the outer ring to
the base plate, and finally the chamber is bolted to the base plate and sealed by a third o-ring.
The loading platen is moved up until the piston is in contact with the load cell and a small
seating load applied. The chamber is then filled with water and connected to the manifold.
Backpressure saturation is performed in small increments to a pressure of 4 ksc, maintaining a
constant specimen height throughout the process. After allowing the system to equilibrate
overnight, a constant rate of strain is applied by a gear controlled motor. Once to the desired
load or strain, the load is transferred to an air jack, and left on for 24 hours to allow secondary
compression before unloading. The central data acquisition computer records the axial
displacement, load, pore pressure, and chamber pressure for test interpretation.
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A detailed procedure for setting up and running the constant rate of strain consolidation test in
the modified consolidometer is included in Appendix A. Information on running the test in the
original device can be found in Wissa (1971).
3.5.2 Apparatus Compressibility
The apparatus deflects due to both changes in cell pressure and axial load. This compressibility
needs to be quantified in order to calculate the correct height of the specimen during both
saturation and consolidation. As the chamber pressure is increased during backpressure
saturation, corrections are made manually to the piston position to keep the height of the
specimen constant at the initial height. The loading deflections are primarily required to
correctly compute the height of the specimen during data reduction of the consolidation phase
of the test.
For evaluating compressibility, the device was set up with a steel dummy, assumed to be
incompressible, the top porous stone, and the top filter paper, made of monofilament nylon.
For calculating the compressibility due to changes in cell pressure, a seating load of 1 kg was
applied before filling the cell with water. A cell pressure of 0.5 ksc was then applied, and the
piston manually adjusted until the load applied to the dummy was again 1 kg. At this point the
cell pressure and the displacement are recorded. This was repeated for cell pressures up to 4
ksc. The slope of the line fit through the pressure displacement data provides the apparatus
compressibility:
S5c = 0.00 1 -cac [3-1]
where:
8c - is the deflection due to change in cell pressure. in cm
c - is the cell pressure, in ksc
Figure 3-12 show the plots of these data. The process was repeated again at a seating load of
10 kg, and the resulting data gave approximately the same slope, indicating that the
compressibility is not affected by seating load.
For the deflection due to axial force, the device was again set up with the steel dummy, stones,
and filter paper. The cell pressure was set to 4 ksc, and the device loaded and unloaded twice
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at a constant displacement rate while measuring the load and deflection. In a plot of net force
(corrected for cell pressure and piston weight) vs. deflection, shown in Figure 3-12, a power
function best fit the data, with the deflection:
85 =0.0031 -(load) 0 .'' [3-2]
load = A, -c +W, -A, [3-3]
where:
- is the deflection due to axial force (load), in cm
load - load measured by load cell, in kg
A, - is the area of the piston, cm2
W, - is the weight of the piston, kg
Calibrations and compressibility equations are summarized in Table 3-3 (Force 1998).
3.5.3 Data Interpretation
A number of useful engineering properties are derived from the CRS data with very little effort
on the part of the operator (unlike the time consuming constructions required for interpretation
of incremental oedometer data). Pertinent equations that will be used in the data interpretation
process are presented below:
av= " [3-4]
where:
aan - is the total applied axial stress applied to the specimen at any given time, ksc
Pt,, - is the axial force applied to specimen's loading piston at any given time, kg
P, - is the axial force correction that accounts for the force caused by the back pressure
acting on the piston and sealing unit (see Note 1), kg
AL - is the cross-sectional area of specimen during loading (area of oedometer ring), in cm2
(Note 1: Since the applied axial force is measured outside the cell, the axial force must be
corrected to account for the upward force caused by the back pressure acting on the loading
piston and sealing unit)
Au = -u [3-5]
where:
AUb,, - is the excess pore-water pressure developed at the base of the specimen at any given
time, in ksc
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u11- is the pore-water pressure measured at the base of the specimen at any given time, in
ksc
ub - is the pore-water pressure at the drainage boundary (applied back pressure), in ksc
E = - -,I100 [3-6]
where:
Ea,, - is the corrected axial (volumetric) strain of the specimen at any given time or line of
data, in %
AHe, - is the axial deformation of the specimen (corrected for apparatus compressibility) at
any given time or line of data, in cm
Ho - is the initial height of specimen, in cm
The derivations of equations based on the linear and nonlinear theories are discussed in Chapter
2 and lead to the following equations for effective vertical stress (a',), hydraulic conductivity
(k,), and coefficient of consolidation (c,):
Linear Theory:
Effective Vertical Stress within the specimen at a given time, a',:
19.n -- 2 -Aub [3-7]
3
where:
y',., - is the representative effective vertical stress at any given time or line of data, in ksc
(see Note 2)
a,,,,- is the total vertical (axial) stress at any given time or line of data, in ksc (see Equation
[3-4])
AUb - is the excess pore-water pressure measured at the base of the specimen at any given
time or line of data, in ksc
(Note 2: The a' is defined as the effective vertical stress or as the representative
effective vertical stress and not as the average effective vertical stress as it was defined in
Chapter 2. Wissa et al. (1971). Wissa et al. (1971) and others defined it as the average
effective vertical stress since the equation used to calculate a',, calculates an apparent
averaged value within the specimen. The a'. value calculated using either analysis
method assumes some type of pore-water pressure distribution across the specimen,
hence this is not really an average value within the specimen but more of a representative
value of the a'. within the specimen. Also, since this is the computed value for a line of
data and the variation across the specimen depends of Aub, it should be considered as the
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test value. The other quandary with defining it as the average a'., is that when the
average of the average ', is required, it creates massive confusion. For this reason it
was decided that the a', will be defined as the effective vertical stress or the
representative effective vertical stress throughout this thesis and the average effective
stress will only be used when an average of two or more points of data are taken.)
Hydraulic Conductivity, k,:
r, -H 2 yk = ""fl [ 3-8 ]
2 -Aub
where:
k. - is the vertical hydraulic conductivity for given line of data (n), in cm/sec
- is the unit weight of water (0.001 kg/cm 3)
H, - is the specimen height, corrected for apparatus compressibility, at any given time or
line of data, in cm
AUb - is the excess pore-water pressure at the base of the specimen at any given time or line
of data, in ksc
rn - is the strain rate, at any given time or line of data, selected by performing a linear
regression through a moving range specified by the user in terms of axial strain (Ea (%)),
in (cm/cm)/sec (further explained in subsequent paragraph)
Coefficient of Consolidation, c,:
Cv, = ''" [3-9]
Substituting for:
mn = A r At [3-10]
ACV ACV,
and:
k,.,,, Equation [3-8]
Gives:
= .(AQ[3-11]
" -Aub At
where:
c,, - is the coefficient of consolidation at any given time or line of data, in cm 2/sec
He, - is the specimen height at any given time or line of data, in cm
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(Aaj/At) - is the stress rate, at any given time or line of data, selected by performing a linear
regression through a moving range specified by the user in terms of axial strain (Ea (%)),
in ksc/sec (further explained in subsequent paragraph)
Aub - is the excess pore-water pressure at the base of the specimen at any given time or line
of data, in ksc
Nonlinear Theory:
Effective Vertical Stress, 0'V.l:
a' = (s, -2 -. , -Auhf +v - [3-12]
where:
a'., - is the representative effective vertical stress at any given time or line of data, in ksc
(See Note 2)
a,,., - is the total vertical (axial) stress at any given time or line of data, in ksc (see Equation
[3-4])
AUb.,, - is the excess pore-water pressure measured at the base of the specimen at any given
time or line of data, in ksc
Coefficient of Consolidation, c.:
H7, .log[ n
c =- -[3-13]
2.At-log I-Al
where:
c,,n - is the coefficient of consolidation for a given time or line of data, cm 2/sec
He, - is the specimen height (corrected for apparatus flexibility) for a given time or line of
data, in cm
avm - is the total vertical stress for a given time or line of data, in ksc
arv,,.1 - is the total vertical stress for the time or line of data preceding that given for a.,n, in
ksc
Aub., - is the excess pore-water pressure at the base of the specimen for a Oiven time or line
of data, in ksc
At - is the elapsed time between the n and n-I lines of data
Hydraulic Conductivity, k,:
kd = cJ -MV-t' [3-14]
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where:
k,, - is the vertical hydraulic conductivity at the test temperature for a given time or line of
data (nth time or line of data), in cm/sec
c,., - is the coefficient of consolidation for a given time or line of data, cm2/sec
m, - coefficient of compressibility (see Equation [3-10])
yw - unit weight of water
A BASIC computer program is used to calculate these values over each increment of the input
data file. The program also includes calculations of apparatus compressibility to provide the
correct specimen height. Variations in the measurements, due to noise in the system, can cause
large variations in the calculated values of strain rate and stress rate. The variation becomes
progressively worse as the time interval between readings gets smaller. To help reduce this
error the program puts a linear regression through a range of data specified by the user in terms
of an axial strain (E, (%)). Once an axial strain is selected, at each individual point, the
program will select a range or window of points, limited by (E, (%)), from which to put a linear
regression through, thus creating a moving range or window. This provides a more accurate
value of strain rate and stress rate for use in the hydraulic conductivity and coefficient of
consolidation calculations. The moving window, however, starts with the data before loading
has started, and continues through once loading is stopped. Therefore the hydraulic
conductivity and coefficient of consolidation data must be truncated over half of the specified
strain for the window on either end of loading. The data at the start of loading must also be
checked to see that the transient portion is over. This is discussed in Chapter 6. The BASIC
computer programs used to reduce CRS data using linear and nonlinear theories are presented
in Appendix A.
One important point in the reduction of the CRS data is to be sure that the excess pore pressure
in the first line of data is zero. When performing the test, the data acquisition readings should
begin before loading while the system is fully backpressure with zero excess pore pressure.
Then a zero value for the pore pressure transducer should be back calculated so that the pore
pressure exactly equals the cell pressure in the first line of data. This procedure is necessary
because the transducers are slightly nonlinear and the cell pressure and pore pressure
measurements may be slightly different at the end of saturation while the true pressures are the
same.
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Table 3-1
Cauble 1996)
Index Properties of Resedimented Boston Blue Clay from Series IV (after
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SouYse Clay Frac. OrganicYear Researcher Bth Gs w1 WP IP <2m() Ctn Salt (_g-/l)
1994 Zriek powder 2.78 46.4 22.5 23.9 60.1 4.4
402 46.8 22.4 24.41994 Sinfield 403 47.2 23.3 23.9
1996 Cauble powder 2.81
401 46.7 21.8 24.9
404 47.4 21.9 25.5 10.4
405 45.2 22.1 23.1 10
406 45.0 22.6 22.4 57.6 12.5
407 44.6 23.0 21.6 57.8 13.1
408 44.7 23.9 20.8 58.7 10.1
409 45.4 24.0 21.4 56.8 13
410 46.6 25.0 21.6 13.4
411 46.7 24.5 22.2 56.9 10.2
413 45.5 24.3 21.2 9.7
414 46.3 24.3 22.0 12
415 46.1 24.7 21.4 10.5
416 46.7 24.0 22.7 12.9
417 47.2 24.5 22.7 13.2
1998 Santagata 418
419 47.8 23.3 24.5
1998 this research 420 45.2 22.6 22.6
average powder, 2.80 46.2 23.4 22.8 58.0 4.4 11.6
401-411 ±0.9 ±1.1 ±1.4 ±1.2 ±1.5
413-420
Table 3-2 Index Properties of Resedimented
(after Cauble 1996)
Boston Blue Clay from Series I - III
_____ ____________ISource Clay Fr altc lYear Researcher Series Batch Gp w1 WP Clay Frac. Salt (g/l)
II IBatch I_ _ I__I _I <211 (% j___
1961 Bailey la MIT 2.77 30.0 17.5 12.5 40 2-3
1139 34.7 17.7 17.0 35
1963 Jackson 36.2 19.5 16.7 16.7
1964 Varallyay S4 32.6 19.5 13.1
S5 33.3 20.4 12.9 35 16.8
S6 32.8 20.3 12.5 16
1965 Ladd, R.S. Ib 2.77 45.0 22.0 23.0 16
1965 Preston S1 2.77 45.6 23.4 22.2 35 24
1966 Braathen S2 2.77 45.4 23.1 22.3 22
1967 Dickey 34.5 23.9 19.6
1970 Kinner 100 2.78 43.5 19.6 23.9 50
150 43.5 19.6 23.9
200 38.1 17.8 20.3 52 8
300 39.7 21.6 18.1 10
400 39.4 21.3 18.1 52 10
800 41.5 19.5 22.0 48 16
900 41.2 18.7 22.5 54 16
1000 41.1 19.5 22.6 58 16
1100 42.0 20.6 21.4 16
1200 40.2 18.6 21.6 48 16
M101 40.7 19.6 21.1 52
M104 40.3 19.6 20.7
M107 41.3 19.6 21.7
M200 42.3 18.5 23.8 52
M400 39.8 18.9 20.9 47
1971 Ladd et al. 160 2.78 38.1 17.8 20.3 8
1300 42.1 22.1 20.0 16
1500 43.8 20.6 23.2 16
1984 Bensari 11 105 2.75 47.6 23.3 24.3 16
111 2.75 47.1 24.9 22.2 16
1985 O'Neill 105-112 2.78 41.3 22.1 19.2 52 16
1989 Seah III 200-207 2.78 45.2 21.7 23.5 58 16
1991 Sheahan 210,214, 45.6 21.4 24.2
216
1993 Cauble 217-218 2.78 37.0 21.3 15.7
1994 Santagata 219-220 40.4 20.9 19.5
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Table 3-3 Constant Rate of Strain Calibration Factors
Value r2
Piston
Area (cm2) 3.37 0.99999
Weight (kg) 2.04
Calibration Factor
Cell (ksc/v/v) -707.824 0.999992
Pore (ksc/v/v) -700.075 0.999992
Displacement (cm/v/v) 2.548751 0.99999
Load (kg/v/v) 26987.236 0.99991
Compressibility
Cell (cm) 0.0 0 1*ac 0.96
Axial Load (cm) 0.0031*loadom 0.9990
a, = cell pressure (ksc)
load = load measured by load cell - A *ac + W, (kg)
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Figure 3-1 Preparation of Resedimented Boston Blue Clay (Seah 1990)
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Figure 3-2 Batch Consolidometer for 1-D Consolidation of Clay Samples (Cauble
1996)
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One-Dimensional Consolidation Process for Clay Samples (Seah 1990)
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Figure 3-5
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Figure 3-6
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Figure 3-7a Plastic and Liquid Limits for Series IV Boston Blue Clay, RVBC and RVS
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Figure 3-7b Plasticity Chart for Series IV Boston Blue Clay, RVBC and RVS
69
80
70
60
50
40
30
20
10
0
C.)
C.)
MIT CLASSICATION
SAND SILT
C0A3EE MEDIUM MIE COARSE MEDIx nfi CLAY
#10 5+0 #200
100
40 70 - -- - -.
50 BBC Series IV
* powder (Zriek, 1994)
r. 4 0 --..... -... -...... .. . .......SORBBC 406
,7 RBBC 407
30- 0 RBBC 408
oa RBBC 40920 - - -
0 RBBC 411
S 10~ ----++++++- :--++
0
2 1 0.1 0.01 0.001 0.0001
Particle Diameter, (mm)
Figure 3-8 Grain Size Distribution of Series IV Boston Blue Clay (Cauble 1996)
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Figure 3-10 Original MIT General Purpose Consolidometer (Wissa et al. 1971)
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Figure 3-11 Modified Constant Rate of Strain Consolidometer (Force 1998)
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Figure 3-12 Calibration and Compressibility Curves for Constant Rate of Strain Device
(Force 1998)
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Chapter 4 Evaluation of Constant Rate of Strain Equations
4.1 Introduction
The Chapter evaluates the application of equations used to interpret the CRS test. Section 4.2
looks at the divergence between linear and nonlinear theories as Aub/0 increases. Sections 4.3
redefines variables for linear and nonlinear analysis methods, used to calculate u'r, k, and c.
Section 4.4 looks at the effects of increasing the time interval between readings for linear and
nonlinear analysis methods. A CRS test ran at a strain rate of 0.84 %/hr (CRS238) on RBBC
will be used as the basis for this analysis. CRS 238 is further analyzed and discussed in
Chapter 5. Note that the strain rate for this test was slow enough to keep the pore-water
pressure ratio (Aub/U) below 0.05, as suggested by Wissa et al. (1971). Figures 4-4, 4-5, and
4-6 show the raw data gathered from CRS 238 and the subsequent equations that were used to
fit the data. The raw data, from the CRS test, were fitted, to provide a continuous function and
to eliminate any irregularities in the readings. Only the data in the normally consolidated range
was used for this analysis to eliminate any variability that might have occurred at the start of
the test (i.e. transient conditions, seating problems, etc.). Section 4.5 presents a numerical
simulation using a model soil to look at strain rate effects on CRS calculations and to also
scrutinize analytical methods used to interpret CRS data.
4.2 Difference in Linear and Nonlinear Theories
This section presents equations and figures that show the divergence in a', ky, and c, between
linear and nonlinear theories as the AUb/Ur increases. Chapter 2 presented equations for the
calculation of u'r, k, and c, for both linear and nonlinear theories, those equations, are again
presented below and then used to derive the divergence ratio:
Effective Vertical Stress, a', (Linear Theory):
12 2Ya - u [4-1]
3
Effective Vertical Stress, a', (Nonlinear Theory):
~((13 2 .(-"Alib+UT1 Ab) [4-2]
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Dividing a', (Linear) by o', (Nonlinear) gives:
2
a(linear) 3 R [4-3]
o>(nonlinear) (1 -2 -R + R2 )[
where:
R - is the pore-water pressure ratio, Aub/aI
Similarly from equations presented in Chapter 2, k, is presented below:
Hydraulic Conductivity, k, (Linear Theory): (Note: this assumes small strain theory)
r-H2
-yki. = "- [4-4]
2 -Au4
Hydraulic Conductivity, k, (Nonlinear Theory) assuming a', = a, for small Aub (after Wissa et
al. 1971) gives:
k At [4-5]
2-a, .log I
Dividing k, (linear) by k, (nonlinear) yields:
k
,
(linear) log[l - R] [4-6]
k, (nonlinear) 0.434 -R
The same procedure is applied to c., which should produce the same equation since c, is
derived from the same basic equation (k = c,- y.. The c, equations are presented below:
Coefficient of Consolidation, c, (Linear Theory):
r - H 2[47c.H= [4-7]
2 -Au. 
-M,
Coefficient of Consolidation, c, (Nonlinear Theory) assuming a', = a, for small Au, (after
Wissa et al. 1971) gives:
0.434-r-H 2  [4-8]
2-a -m,' -log
Dividing c, (linear) by c, (nonlinear) yields:
c,(linear) log[l - R] [49]
C,, (nonlinear) 0.434. R
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The normalized equations are plotted against Aub/a, for Y', k, and c, in Figures 4-1, 4-2, and
4-3 respectively. We can see from the plots that when the ratio of Au,/1o is relatively small, the
expressions obtained from using the different theories produce very similar results and begin to
diverge as the ratio of Au/0. increases. As noted by Wissa et al. (1971), equations [4-6] and
[4-9] are valid only for small values of Aub/U1 and thus large values of AubIa, should be viewed
qualitatively.
Both linear and nonlinear theories are derived based on the shape of the stress strain curve. The
equations account for the variation in stress and strain throughout the specimen during loading.
When the excess pore-water pressure is low than variations amongst theories is small and the
two sets of calculations give the same result. Hence there is no need to know the soil behavior.
As the Aub/U (R) becomes larger the difference increases and so does the uncertainty in the
results, the more correct number then depends on the stress-strain relationship. If the intention
is to eliminate soil consideration, then the uncertainty can be set at say 10 %, if so then AubI.
(R) should be less than 0.55 for a', calculations and less than 0.15 for c, and k.
4.3 Application of Equations to Incremental Readings
This section presents both linear and nonlinear methods of analyses, with redefined variables
used to calculate a',, k and c. Wissa (1971) and for that matter Smith & Wahls (1969), were
vague as to how variables should be defined in equations for practical applications.
4.3.1 Linear Theory
Starting from the linear theory presented by Wissa (1971), the variables were redefined in two
different ways for both the calculation of kg and c,. The equation for a', is also presented in
this section.
The vertical effective stress (u'r,1) is computed for a given time or line of data with variables
specified as discrete measurement points and therefore:
a' =I " Au2 , [4-10]
3
where:
a., - is the total vertical (axial) stress at any given time or line of data (see Equation [3-4])
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AUb.n - is the excess pore-water pressure measured at the based of the specimen at any given
time or line of data
Notice that a',. is defined as the effective vertical stress or as the representative effective
vertical stress and not as the average effective vertical stress as it was defined in Chapter 2.
Wissa et al. (1971) and others defined it as the average effective vertical stress since the
equation used to calculate c', calculates an apparent averaged value within the specimen. The
a'. value calculated using either analysis method assumes some type of pore-water pressure
distribution across the specimen, hence this is not really an average value within the specimen
but more of a representative value of the a',. within the specimen. Also, since this is the
computed value for a line of data and the variation across the specimen depends of Aub, it
should be considered as the test value. The other quandary with defining it as the average a',
is that when the average of the average a',. is required, it creates massive confusion. For this
reason it was decided that the a', will be defined as the effective vertical stress or the
representative effective vertical stress throughout this thesis and the average effective stress
will only be used when an average of two or more points of data are taken.
The hydraulic conductivity (k,) was evaluated in two different ways by redefining the variables
for each calculation. The first equation makes use of the prior data point and the current data
point to compute the average strain rate. The height and pore pressure are averaged over the
increment. The equation is presented below with proper definition of variables used:
Hydraulic Conductivity, k:
k r,-H(,.yg [-
2- 2 -AU
Substituting for:
r = -= AII) [4-12]
" At H At
Gives:
(2 H 0 -AH )-~H ,-,kV.IY = 1).A.2-Ai~v [4-13]
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where:
kl.,n-- is the vertical hydraulic conductivity at the test temperature between two given times
or lines of data (n and n-1)
r, - is the strain rate between the n and n-I lines of data
AHe.n - is the axial deformation (corrected for apparatus compressibility) of the specimen for
a given time or line of data
AHe.n.; - is the axial deformation (corrected for apparatus compressibility) of the specimen
for the time or line of data preceding that given for AHe.,,
H) - is the initial height of specimen
At - is the elapsed time between the n and n-I lines of data
Hc.g - is the average of the specimen height (corrected for apparatus compressibility) in the
n and n-I lines of data
AUb.av- - is the average of the excess pore-water pressure at the base of the specimen in the n
and n-I lines of data
y, - unit weight of water
The second method to compute k, is the use of three data points. The strain rate is computed
from the prior point (n-1) and the next point (n+1), this allows for the measured Aub and H to
be used at n. Note that only the variables that were redefined are presented below, the rest of
the variables can be assumed to be defined in the same way as presented above:
Hydraulic Conductivity, k,:
( A, -AH,1- Hi .y
k - n ' ). cm [4-14]
Hf)-At-2.Aubf
where:
k, - is the vertical hydraulic conductivity at the test temperature for a given time or line of
data
AHecn1+ - is the axial deformation (corrected for apparatus compressibility) of the specimen
for a given time or line of data following AHe.n
He, - is the specimen height (corrected for apparatus compressibility) for a given time or
line of data
Auobm - is the excess pore-water pressure at the base of the specimen for a given time or line
of data
At - is the elapsed time between the n+1 and n-I lines of data
As in hydraulic conductivity, the coefficient of consolidation (c,) was calculated by redefining
variables in two different ways. Please refer to Chapter 2 for a full derivation of the equation
below.
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Coefficient of Consolidation, c,.:
c 2 Aliaig At [4-15]
Substituting for:
ACV = a _v.n-I [4-16]
Gives:
-2 2-Auhav At )I[-]
where:
cV,,-s - is the coefficient of consolidation between two given times or lines of data (n and n-
1)
Hc.avg - is the average of the specimen height (corrected for apparatus compressibility) in the
n and n-I lines of data
AUb.avg - is the average of the excess pore-water pressure at the base of the specimen in the n
and n-I lines of data
Aa - is the change in total vertical stress between n and n-I
av, - is the total vertical stress for a given time or line of data
T.,1.- - is the total vertical stress for the time or line of data preceding that given for a.n
At - is the elapsed time between the n and n-I lines of data
The variables within c, were then redefined as follows:
Coefficient of Consolidation, c,:
H 2a
C1,31 = 2. [4-18]
" 2- Aui At
Substituting for:
Ac, = ar - [4-19]
Gives:
c = H j I [4-20]
S2- Au,, At )
where:
c,., - is the coefficient of consolidation for a given time or line of data
He, - is the specimen height (corrected for apparatus compressibility) for a given time or
line of data
Auj,, - is the excess pore-water pressure at the base of the specimen for a given time or line
of data
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Ao, - is the change in total vertical stress between n+1 and n-I
,..;, - is the total vertical stress for the time or line of data following a,.,
At - is the elapsed time between the n+ 1 and n-I lines of data
4.3.2 Nonlinear Theory
The variables within the nonlinear theory were redefined and assessed in three and four
different ways for the calculation of k, and ce, respectively.
Since a', will be used in the calculation of k., the equation is presented below, with the
variables specified as discrete measurement points:
a,=(oj'.an tj AUbn +Uv~ b~ [4-2 1]
where:
C'vn - is the effective vertical stress within the specimen at any given time or line of data
avm - is the total vertical stress at any given time or line of data (see Equation [3-4])
AUb,,, - is the excess pore-water pressure measured at the base of the specimen at any given
time or line of data
The variables for the coefficient of consolidation are redefined below in four different ways.
Coefficient of Consolidation, c.:
H;2 , -log "
C = -. .- [4-22]
2.At-log -
where:
Cvn.i, - is the coefficient of consolidation between two given times or lines of data (n and n-
1)
H(asvg - is the average of the specimen height (corrected for apparatus compressibility) in the
n and n-1 lines of data
av, - is the total vertical stress for a given time or line of data
c,.;_ - is the total vertical stress for the time or line of data preceding that given for q.,
At - is the elapsed time between the n and n- 1 lines of data
AUb.avg - is the average of the excess pore-water pressure at the base of the specimen in the n
and n- 1 lines of data
aavvrg- is the average of the total vertical stress in the n and n-I lines of data
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Coefficient of Consolidation, c,.:
H -log n+I
cL= --- - [4-23]
C n 2-At-log I1 U~n[-3
where:
cv~n- is the coefficient of consolidation for a given time or line of data
Hen - is the specimen height (corrected for apparatus compressibility) for a given time or
line of data
av'1; - is the total vertical stress for the time or line of data following avn
q,,- is the total vertical stress for the time or line of data preceding that given for qv,"
AUb,, - is the excess pore-water pressure at the base of the specimen for a given time or line
of data
c,, - is the total vertical stress for a given time or line of data
At - is the elapsed time between the n+ 1 and n-I lines of data
Coefficient of Consolidation, c,.:
Hin )log a 1
c = - - - U- [4-24]
where:
cv,n - is the coefficient of consolidation for a given time or line of data
AUbavg - is the average of the excess pore-water pressure at the base of the specimen in the
n+1 and n-I lines of data
ov.avg - is the average of the total vertical stress in the n+1 and n-I lines of data
At - is the elapsed time between the n+1 and n-I lines of data
Coefficient of Consolidation, c,:
H -n log ""
cL- [4-25]
2 At-log I ]
where:
cv.z./ - is the coefficient of consolidation between two given time or lines of data (n and n-1)
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He,, - is the specimen height (corrected for apparatus compressibility) for a given time or
line of data
- is the total vertical stress for a given time or line of data
a7.1.;-- is the total vertical stress for the time or line of data preceding that given for aC.
At - is the elapsed time between the n and n- 1 lines of data
AUbn - is the excess pore-water pressure at the base of the specimen for a given time or line
of data
av, - is the total vertical stress for a given time or line of data
The equation to calculate hydraulic conductivity (k) is derived in the same way as was
explained in Chapter 2. The variables within it are redefined below:
Hydraulic Conductivity, k,:
0.434.r-H ygk - ." Aub."x [4-26]
47 v~i~q 10*v.avgj
Substituting for:
(r,, Equation [4-12])
Gives:
0.434 -(AH,.n - AHC.I )-H -y 7k =- . [4-27]
2-At-H- a'v,ag -log I- AUb.ag[ v,avg 
_
where:
kvn1-1- is the vertical hydraulic conductivity at the test temperature between two given times
or lines of data (n and n-1)
r, - is the strain rate between the n and n-I lines of data
AHe, n- is the axial deformation (corrected for apparatus compressibility) of the specimen for
a given time or line of data
AHcn.; - is the axial deformation (corrected for apparatus compressibility) of the specimen
for the time or line of data preceding that given for AH,,n
Hc.avg - is the average of the specimen height (corrected for apparatus compressibility) in the
n and n-1 lines of data
H, - is the initial height of specimen
C' avg - is the average of the effective vertical stress within the specimen in the n and n- 1
lines of data
AUb,avg - is the average of the excess pore-water pressure at the base of the specimen in the n
and n- 1 lines of data
av1a(W - is the average of the total vertical stress in the n and n-I lines of data
y, - unit weight of water
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The variables for k, are then redefined as:
0.434-(AH, 
- AH.n_)- H[4 
--2
kt,.n 2- At-H, -a' V, log I 1 1n[-8
where:
kj., - is the vertical hydraulic conductivity at the test temperature for a given time or line of
data (nth time or line of data)
AHcn.; - is the axial deformation (corrected for apparatus compressibility) of the specimen
for a given time or line of data following AHe,,
He, - is the specimen height (corrected for apparatus compressibility) for a given time or
line of data
a',., - is the effective vertical stress for a given time or line of data
Aub. - is the excess pore-water pressure at the base of the specimen for a given time or line
of data
av. - is the total vertical stress for a given time or line of data
At - is the elapsed time between the n+ 1 and n-I lines of data
The variables in k, are then redefined as:
0.434 -(AH,,, - AHc,,n)- Hc~ -42 y,k = . - [4-29]
2-At-H, -a',ag -log 1- Aubavg[ C v.avgj
where:
kj., - is the vertical hydraulic conductivity at the test temperature for a given time or line of
data (nth time or line of data)
AHen+ - is the axial deformation (corrected for apparatus compressibility) of the specimen
for the time or line of data following AH,,,
AHe1n.; - is the axial deformation (corrected for apparatus compressibility) of the specimen
for the time or line of data preceding that given for AHe,,
('rvaag - is the average of the effective vertical stress within the specimen in the n+I and n-I
lines of data
Alu.avg - is the average of the excess pore-water pressure at the base of the specimen in the
n+1 and n-I lines of data
av.avg - is the average of the total vertical stress in the n+1 and n-I lines of data
4.4 Influence of Time Span Between Test Readings
This section considers whether the two theories (linear and nonlinear) provide consistent results
as the time interval between successive readings is increased by using the equations with the
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specific variables presented in Section 4.3. Due to the complexity in the equations presented in
Section 4.3 it was deemed necessary to study the effects of these equations by using an actual
data set. As mentioned earlier, the data from CRS 238 performed on RBBC at a strain rate of
0.84 %/hr was used as the base data for this analysis. A polynomial fit was used to fit the total
vertical stress (or,) (Figure 4-4), and excess pore-water pressure (Aub) (Figure 4-5) versus
elapsed time (At). The axial deformation versus elapsed time (At) was fitted using a linear fit
(Figure 4-6). These data were fitted so as to provide smooth curves and to simplify the
parametric study. Figure 4-7 provides a plot of Aub/dv versus time and the actual k, and c, trend
for this particular test is presented in Chapter 5 and again plotted individually in Appendix B.
It should be noted that the results from this analyses are sensitive to Atb/a. and to the actual
variation in k, and c, during the test. Therefore, this sensitivity analyses will not give
numerical correction values.
All calculations were started at a At of 29300 sec. The reference k and c,. were calculated using
the variation of equations presented in Section 4.3 using a very small time span between
readings (Ats,an = 30 sec), which amounts to a very small change in strain between readings (Ac
= 0.007 %). This time span is small enough to cause only negligible differences amongst
equations where variables were redefined. The time interval between successive readings was
then increased to 5, 10, 20, 40, 80 and 160 min which amounts to a change in strain (As) of
0.07, 0.14, 0.28, 0.56, 1.12 and 2.24 % respectively. Calculations of k, and c, were then
performed for each time span.
The percent deviation as the time interval (Atsan) between readings increased was calculated
for each equation presented in Section 4.3. In all cases the deviation is calculated as the
Reference value (Atspan=30sec) minus the value for a specific Equation divided by the reference
value (Atsan=30sec). As mentioned previously, the reference value is taken as the value of k,
or c, using the linear or nonlinear equation with a very small time interval (Ats~a1 ). This gives a
continuous function, which is independent of the method of selecting discrete input values.
When making the comparison, the reference is computed at the measurement time for
equations, which give values at measurement times or at the measurement time minus At for
85
equations that give average values between measurement times. It should be noted that the
magnitude of the deviation, as the Ats.an increases, varies throughout the test. The following
data are for the maximum deviation, which is the largest error found for any point during the
test.
4.4.1 Linear Theory
Figure 4-8 and Figure 4-9 show the maximum percent deviation (normalized to a Atpn = 30
sec) as the time interval between readings gets further and further apart for k, and c,
respectively.
A closer look at Figure 4-8, reveals that Equation [4-14] produces virtually no difference in the
k,. value as the Ar,,,, increases. This is because k,. is calculated at a specific measurement time
and the equations give a strain rate which is constant, whereas Equation [4-13] calculates an
average value between measurement times, thus calculating an average Aub value that is not
correct. Comparing the two equations, tells us that Equation [4-14] creates only negligible
deviations as the Atp,,, increases whereas Equation [4-13] creates a maximum deviation of
approximately 0.72 %.
For c,, Figure 4-9 shows us that Equation [4-17], calculated as an average value between
measurement times, produces a maximum deviation of approximately 0.14% and Equation
[4-20], calculated for a specific measurement time, produces a maximum deviation of
approximately 2.0%. The deviation in Equation [4-20] increases with increase in Atspan, seems
that it should have been less than the values calculated using Equation [4-17] since the value
for Equation [4-20] is calculated for a specific point and the values for Equation [4-17] are
calculated as an average value between two points thus calculating an erroneous aub as the
AtUa increases. This must be due to the nonlinearity of the soil and the fact that c, is over the
increment, so when a forecasted - is used, as is the case in Equation [4-20], a lot of stress is
added and this value becomes increasedly significant as the Ats,an increases.
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4.4.2 Nonlinear Theory
Figure 4-10 and Figure 4-11 show the maximum percent deviation (normalized to a Ats, = 30
sec) as the time interval between readings gets further and further apart for k, and c,
respectively.
Figure 4-10, reveals that Equation [4-28] produces virtually no difference in the k, value as the
Asan increases. This is because k, is calculated at a specific measurement time and the
equations give a strain rate, which is constant. Equation [4-27] calculates an average value
between measurement times and produces a maximum deviation of approximately 0.72 %.
This again produces an erroneous value since it calculates and average Aub between two points
that's not realistic as the Ats,, increases. Equation [4-29] produces the greatest amount of
deviation from the three equations with a maximum deviation of 2.47 %. This again, as
explained for c, in the linear theory, is probably due to the nonlinear effects of the soil and the
fact that k, is calculated over an increment.
For ce, Figure 4-11 shows us that Equation [4-23], calculated for a specific measurement time,
produces a maximum deviation of approximately 0.35%. Equation [4-22], calculated as an
average value between measurement times, produces a maximum deviation of approximately
0.86%. Equations [4-24] and [4-25] produced maximum deviation values of approximately
3.4% and 2.5% respectively for a specific measurement time. Based on these results it appears
that Equations [4-23] and [4-22] provide the best results, with Equation [4-23] being the
preferred equation since it is calculated for a specific measurement time.
4.4.3 Comparison Between Theories
This section provides a comparison between deviations in linear and nonlinear theories.
Although not presented, a test ran at a strain rate of 12.71 %/hr (CRS242) was also fitted and
analyzed in the same way that was explained above for the 0.84 %/hr test. The percent
deviations for that test were very similar to the results obtained for a strain rate 0.84 %/hr.
Figure 4-12 plots the maximum deviation of k, for linear and nonlinear theories. The plot
confirms that Equation [4-13], for the linear theory, equals the results from Equation [4-27] for
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the nonlinear theory. The same can be said for Equation [4-14] (linear theory) and Equation
[4-28] (nonlinear theory). It is clear from the plot that Equations [4-14] and [4-28], for linear
and nonlinear theories respectively, produce only negligible deviations in kg as Atspa, increases.
Based on these results, Equations [4-14] and [4-28], for linear and nonlinear theories
respectively, should be used to calculate k, for the application of these equations to incremental
readings.
The results for c, are not as straightforward as was the case for k, since there is a trend in c,
based on soil behavior. The results are tied to the shape of the compression curve, so if the
shape of the compression curve is log linear than the nonlinear theory equations would provide
better results as the Atspan is increased. If the shape of the compression curve is linear then the
linear theory equations would work fine. Hence the best equation would depend on the soil
behavior. Having said that, Figure 4-13 shows the calculated values using both linear and
nonlinear theories. For the linear theory, Equation [4-17] provides the least amount of
deviation as the Atspa, increases, but as explained in Section 4.4.1, this equation calculates an
erroneous average Aub as Atspa increases. So based on that, Equation [4-20] is recommended
for the application of these equations to incremental readings if using linear theory. As long as
the Atspa is kept under reasonable limits (Atspan < 20 min), the error in the calculation of c,
using Equation [4-20] is negligible. For the nonlinear theory, the choice is fairly obvious,
Equation [4-23] provides the least amount of deviation as the Atp,,, increases and it is at a
specific point or measured time. From this point forward, interpretation of CRS results will be
performed using the equations suggested in this section.
4.5 Numerical Simulation of CRS Equations
To corroborate the CRS test results interpreted using the theories presented above (Section 4.4),
a numerical simulation on a model soil with known constitutive properties, was considered
particularly relevant. By comparing the CRS results attained through the numerical analysis
with results attained using Wissa's linear theory on the numerical analysis data we can
scrutinize the linear theory. The other issue, which the numerical simulation can help to
resolve, is if at higher strain rates, the assumptions used to calculated -'r, k, and c, are valid, or,
if at these higher rates, there is a deviation between model soil behavior and back calculated
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results, regardless of structure (cemented or non-cemented interparticle bonds). Below is a
summary of the main points that the numerical simulation will help us to achieve:
1. Will provide a method to check the CRS equations
2. Allow large strain simulation
3. Eliminate the assumption of a constant c,
The following key points summarize the main features of the model:
* The program was constructed using a combination of Visual Basic (Version 6.0) and a
spreadsheet program (Excel 2000).
e The model used the soil properties from CRS 238 (0.84 %/hr), performed on RBBC, as
the basis for the analysis. The table below summarizes the soil properties for CRS 238
that were used in this simulation.
Properties for
Model Soil
(from CRS 238)
Initial Height. H0 (cm) 2.350
Height of Solids, H, (cm) 1.175
Unit Weight of Water, y, (kg/cm 3) 0.001
Number of Layers, N 20
Initial Layer Height, HO. (cm) 0.1175
e A schematic of drainage conditions of the model is presented graphically in Figure
4-14.
e The compression curve for CRS 238, in the normally consolidated range, was fitted
using a linear relationship between void ratio (e) and logarithm of vertical effective
stress (o'r). The relationship between void ratio (e) and logarithm of hydraulic
conductivity (k,) for CRS 238. in the normally consolidated range, was also fitted. The
relationships used are presented below. Figure 4-15 presents those same relationships
graphically.
Assumed e vs. log u', relationship:
e = -0.3523. log(Q ) + 1.1776 (R2 = 0.9993) [4-30]
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Assumed e vs. log k, relationship:
kV = 10(2.233~ 1e94058) (R = 0.9899) [4-31]
" The model assumes that the flow through a porous medium can be described by.
Darcy's law, where the law relates the apparent relative velocity of the pore fluid to the
spatial gradient of the excess pore pressure (Gibson et al. 1967), which is the deviation
of the pore pressure from the hydrostatic pressure.
" The model is based on large strain analysis, basically implying that the decrease in
thickness of the specimen is taken into account.
The soil was simulated by splitting up the specimen into twenty small layers, where an iterative
procedure was used to solve the simultaneous equations for the application of an increment of
displacement at the top (z = 0) surface over a fixed amount of time. The iteration was
continued until an unique e vs. log c', and e vs. log k, was observed for all layers within the
specimen. The stepping process was continued until a specified strain rate was reached. The
program used semi analytical approximation to converge to a final value.
Due to the fact that this model is approximate and computed using single precision, several
sensitivity simulations were performed to confirm that the output converged to a unique
solution. Evaluations were performed using different number of layers. The numerical
stability was checked by varying the initial conditions and changing the stress (or time) step
and strain rate. The model performed adequately under all of these conditions for strain rates
below 15 %/hr.
Figure 4-15 shows the results for the e vs. log a', and e vs. log k, relationships from the
numerical simulation, which falls right on the assumed relationship line. The analytical
methods used to reduce the data are also presented in this plot but are discussed in the
following section.
Figure 4-16 shows the distribution of the pore pressure, Aue. At the lower boundary, Alue
develops with time and, at the upper boundary, Aue is always zero; this reflects the boundary
conditions on the drainage for the CRS consol testing.
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To show that all the increments within the simulation provide the same pore pressure
distribution within the specimen, throughout the course of the simulation, the pore pressure
distribution presented in Figure 4-16b was normalized by the Aub at each particular point or
increment, which collapses the Aue distribution presented in Figure 4-16 to one unique
distribution. This shows that each increment is uniform within the simulated CRS test. This
plot shows how normalized excess pore pressure. AUe/Aub. varied through the specimen height.
where a normalized height from the base to that particular layer is used as the scale. The
normalized height, H, 1/H, is the ratio of the layer distance from the base divided by the current
specimen height for that specific increment of time.
4.5.1 Comparison of Numerical Simulation to Analytical Method
This section uses the excess pore-water pressure obtained by the simulation as the "data" of a
CRS consolidation test of a soil whose constitutive properties are known. The linear theory
equations presented in Section 4.4.3 will be used as the basis for this analysis where the data
obtained from the simulations will be reduced using the standard CRS equations. The results
calculated from the linear theory will be compared to the input used for the numerical
simulation to assess their capability to correctly predict a', k, and thus able to predict c. Since
Section 4.2 already presented the divergence between linear and nonlinear theories it was
deemed unnecessary to present the results using both analysis methods. The slight shift shows
the difference between the average e and the e of the base layer.
Figure 4-15 presents a plot of void ratio (e) versus logarithm of vertical effective stress (a',) for
the CRS results attained from the numerical simulation and those calculated using the linear
theory (Equation [4-10]). As shown in the figure, the linear theory correctly predicts the
compressibility behavior of the soil. The results calculated using the linear theory fall right
around the middle of the individual calculated points for each layer within the specimen.
Figure 4-16 presents a plot of void ratio (e) versus excess pore-water pressure (Aue), showing
both the results calculated by the numerical simulation. for each individual layer within the
specimen and the values corresponding to the average void ratio versus the base excess pore-
water pressure (Aue) which are used in linear theory calculations.
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The hydraulic conductivity was calculated using the linear theory and the variable for the
height (H) was defined in three different ways. The analysis presented in Section 4.3 and 4.4
assume small strain theory thus not accounting for the change in the thickness of the specimen
throughout the test, which could create noticeable differences as the deformation becomes
greater and greater with the progression of the test. The specimen height was defined in three
different ways and those are presented below:
Hydraulic Conductivity, k, (as defined in Section 4.3):
kv. n - (Ai~n k ' [4-14]
" HAt-2.Aub.,
where:
H- - is the specimen height (corrected for apparatus compressibility) for a given time or line
of data (He,,)
Hydraulic Conductivity, k,:
- (AHc, - AHc.n) H y[4-32
H0 At 2 Aub,
where:
Hi - is the initial specimen height (H,) (after Wissa (1971))
Hydraulic Conductivity, kv:
H1, At. -A Hb-y
where:
Hy - is the initial specimen height (H,,)
H2 - is the specimen height'(corrected for apparatus compressibility) for a given time or line
of data (He.,,)
The results of the numerical analysis along with the three variations in the calculation of
hydraulic conductivity are presented in Figure 4-15. The results show that Equation [4-33]
correctly calculates ky, while the other two equations diverge as the test progresses, which
makes sense since those equations were developed based on small strain theory while equation
[4-33] accounts for the change in thickness in the specimen, which enables it to correctly
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predict the hydraulic conductivity. So for Equations [4-14] and [4-32] the calculations are off
by a factor of (1 + Ea) and (1 - Ea) respectively. These errors create noticeable differences as
the strain increases.
The calculation of c, is not presented since c, is directly related to m, and k, and those
variations are presented above. Since c, = k, /n1./,. c, will vary from the numerical simulation
as k, did.
It can be concluded that the compressibility can be suitably determined by the linear method.
On the other hand the hydraulic conductivity and the coefficient if consolidation cannot be
satisfactorily evaluated using the equations presented in Section 4.3. which are based on small
strain theory (Wissa et al. 1971). Instead a modification must be made for both the calculation
of hydraulic conductivity and coefficient of consolidation for linear and nonlinear theories, to
account for the change in deformation as the test progresses, as presented in Equation [4-33],
which changes the H2 term to H, times H.
4.5.2 Strain Rate Effects
This section uses the model to study the effects of varying the strain rate on the theoretical
equations. This section will attempt to look for a nonlinear effect, basically a change in the
distribution of Ale due to the variation in void ratio (e) as the strain rate increases. It is
important to state the fact that the model strictly follows Darcy's law, so the gradient effect is
not considered.
The simulation was performed using five different strain rates, 1.0, 2.0, 4.0, 8.0 and 12 %/hr.
The results are presented in Figures 4-18 through 4-20. Figure 4-18a plots e vs. log C', and
shows good correlation amongst the different strain rates. As seen in Figure 4-18b the void
ratio in k, is accurately followed by the simulation at all strain rates. The excess pore-water
pressure was plotted for each test run at the different strain rates and is presented in Figure
4-19. The plot shows that the excess pore-water pressure (Aub) increases with strain rate. The
maximum Aub/Aa. ratio calculated for all tests was 0.32. Figure 4-20 shows us that when
normalized by the excess pore-water pressure at the base (Aub), the pore pressure distribution is
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the same for all strain rates. Based on the results presented, there appears to be no variation in
the normalized excess pore-water pressure (AueI/Aub) distribution as the strain rate increases (i.e.
Aub increases), discounting the notion that the trends presented in Chapter 5 with change in
strain rate could be due to fluctuations CRS equations with increase in strain rate.
Using the predicted excess pore-water pressure (Aub) from the simulations, 7', and k, (Equation
[4-33]) was calculated using linear theory equations. Although not plotted, the effective
vertical stress and the hydraulic conductivity were compared to the results presented in Figure
4-18. The resultant values were consistent at all strain rates for both a', and k.
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Chapter 5 Experimental Program Results
5.1 Introduction
This Chapter presents the results of the experimental program conducted using Resedimented
Boston Blue Clay, Resedimented Vicksburg Buckshot Clay and Resedimented Vicksburg Silt.
The intention of the Chapter is to provide a detailed presentation of the results and to
summarize those results as needed for further analysis. Analyses of these data and comparison
with prior published results on time-dependent behavior are presented in Chapter 6. The
Chapter also provides experimental tests ran on the Wissa Consolidometer to analyze the pore-
water pressure measuring system.
5.2 Pore-Water Pressure Measuring Device in Wissa Consolidometer
Accurate measurements of pore pressure are an essential component of the CRS test. A
theoretical and experimental study of the pore-water pressure measuring system was performed
to evaluate the factors that contribute to the pore-water pressure response. The time response
study evaluated a Data Instruments pressure transducer using a porous ceramic stone made by
the Soil Moisture Equipment Corporation. Table 5-1 lists the physical characteristics of the
pressure transducer and the ceramic stone.
5.2.1 Saturation of the Ceramic Stone
A standard saturation procedure consisted of flooding the consolidation chamber with distilled
water equilibrated to standard conditions. Once filled, the pressure in the chamber water was
then raised to a chosen level and held overnight. The pressure was then released and the
chamber was drained. Sjoblom (2000). observed that the rate at which water permeates through
the ceramic stone is far in excess of what was expected from previous research. He presents
results that suggest that a completely dry ceramic stone can be fully saturated, using the
procedure explained above, in 24 hours. For a moist or partially saturated stone, the saturation
process can be performed in the course of a few hours.
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5.2.2 Pressure Transducer Response in Water
To gauge the effectiveness of the saturation procedure and to obtain values for comparison with
the system response in soil, the pressure transducer was initially evaluated in water. A
theoretical time response equation was developed for a saturated pore pressure system
subjected to a unit step pressure increase by Henderson (1994):
-(1 -e'") [5-1]
where:
b = [5-2]
y.-L -M
And:
M AV [5-3]
AP
where:
P, - is the transducer output pressure
Pa - is the applied pressure
t - time from start of pressure step
k - is the hydraulic conductivity of ceramic stone
A - is the surface area of the ceramic stone
- is the unit weight of water
L - thickness of ceramic stone
M - transducer system compliance
AV- is the change in volume of pressure system at AP
AP - is the change in the transducer system pressure
This equation was used to calculate the time response of the data instruments transducer used in
this study. The main factor that contributes to pressure compliance is the transducer face
compliance, which is due to the face deflection in response to a pressure change, meaning that
the greater the deflection the slower the response (Cauble 1996).
The response time for the system was measured by applying a step increase of pressure to the
chamber water, and recording the pressure increase in the transducer. Figure 5-1 shows the
theoretical time response in terms of normalized pressure (Aub) by the step increase (Auob.max)
versus time. The figure also presents the measured time response at different pressures versus
time. It can be inferred from Figure 5-1 that the time response improves as the stone becomes
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saturated and also that the measured response times are slower than the calculated theoretical
response which is consistent with results presented by Cauble (1996). Table 5-2 presents the
theoretical and corresponding measured response times at 98% of the applied pressure. Above
2.5 ksc the system is stable, the plot shows some variability, but this is due to the fact that the
data acquisition can not take faster readings than at a 1 sec rate. We can conclude from this
that the system response is very fast compared to the test time. Something else we can attain
from these results, is the ability to estimate a new value of M to give a theoretical t98 = 2 sec.
Using Equations [5-1] and [5-2] we can back calculate a value of M, which equals
6.9 x 104 (cm3 /ksc). We can now use this corrected value of M in the theoretical pressure
response equations for soil.
5.2.3 Pressure Transducer Response in Soil
In order to validate the accuracy of pore pressure measurements during a CRS test, the next
step is to evaluate the response with soil. The controlling factors for the response in soil are the
compliance of the system and the hydraulic conductivity of the soil. A theoretical model to
calculate the response time of a pore pressure measuring system in clay based on closed form
solutions for a rigid spherical porous inclusion in an elastic soil is (DeJosselin De Jong 1953;
Gibson 1963; Kutter et al. 1990):
P d
- [5-4]
P,
Substitute for:
d 4-i -r-k, 55d-l M [ -5]
where:
r - is the radius of the ceramic stone
k, - is the hydraulic conductivity of the soil
It should be noted that the geometry of the solution does not match the CRS test but the form of
the response should be applicable. The response was experimentally evaluated during two CRS
tests. CRS350 and CRS351 performed on RVBC and RBBC respectively, were used for this
analysis. Compression characteristics for both tests are presented in Sections 5.3 (RVBC) and
Appendix B (RBBC). The measured response in clay was conducted as follows. The system
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was backpressure saturated to 4 ksc. The specimen was then consolidated to a selected axial
strain, the test was then stopped and held under a constant vertical stress to allow excess pore-
water pressures dissipate overnight. An increment of total vertical stress (approximately Aao =
0.25 ksc) was then applied and the pore pressure response was measured at the base of the
specimen. This same procedure was performed at three different points throughout each CRS
test. For RVBC the stress increments were applied at a void ratio of 0.98 (Figure 5-2), 0.83
(Figure 5-3) and 0.66 (Figure 5-4) and for RBBC, they were applied at a void ratio of 1.01
(Figure 5-5), 0.85 (Figure 5-6) and 0.71 (Figure 5-7).
The figures present the measured curves and a best fit of the theoretical equation to the early
portion of the measured data. The plots show that the measured response curves follow the
predicted shape but then diverge at later times. As the void ratio (e) decreases, the curves
diverge at lower normalized pressures (Au/Ao.), time response becomes slower and the
measured value decreases. From the figures we can gather that the peak normalized pressure
(Aub/Aan) response is less than 100% and changes with stress level and soil type.
Table 5-3 presents a more detailed comparison to the predicted results. The table presents the
measured peak normalized pressure response (Au/Au0) and the measured response time (tpeak)
at the peak (Aub/AOl). This is compared to the fitted t98 results, where t98 is the time required
for the transducer to reach 98% of the applied pressure. The table also presents the predicted
t98 values, based on Equation [5-4] with the back calculated M from the water response and the
k, at the specific measurement condition.
Comparison of the predicted and fitted response times clearly suggest that the system responds
much more quickly than expected during early times. This is most likely due to a total stress
response to the pressure increment. Comparison of the measured to the predicted response time
shows the appropriate effect. The table shows the ratio (tpeak/t98) of these times and it is seen
that the measured response is as much as six times slower than the predicted. The ratio
decreases to one and it is observed that there is a trend with the peak normalized pressure value,
as shown in Figure 5-8. At high pressure response values the slow time response suggests a
geometry related difference. Remember that the theoretical solution is not for this specific
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geometry. As the peak (Aub/Ao.) decreases, flow away from the stone to the upper surface is
important. This decreases the driving pressure from the pore fluid and creates a premature
peak. This all points to a problem with the pore pressure response measurements. However it
also suggests that the response is no more than a few minutes which is much faster than the test
duration. This topic will be looked at more closely in Chapter 6.
5.3 RVBC Consolidation Results Using the Wissa Consolidometer
5.3.1 Using Resedimented Samples Created in the Modified Oedometer
A total of ten CRS tests were performed on samples of Resedimented Vicksburg Buckshot Clay
(RVBC) that were created using the modified oedometer. Unfortunately, these samples
provided inconsistent results. Possible reasons for the variable results are:
e Sample disturbance due to the fact that the diameter of the modified oedometer was
only slightly larger than the diameter (Oed. dia. = 2.56 in, CRS ring dia. = 2.5 in) of the
CRS sample thus eliminating the opportunity to trim away the outer perimeter of the
specimen where disturbance is greater due to side friction. Aref (1999) used this same
resedimentation procedure on organic peat for triaxial size specimens (dia. = 1.5 in) and
was able to achieve repeatable results.
" The modified oedometer was large enough to only produce one specimen per batch
(within a reasonable amount of time), thus creating variabilities in void ratio from
batch-to-batch. Sheahan (1991) also reported batch-to-batch void ratio variability on
RBBC.
* Possible change in the makeup of the material fabric since each batch was prepared
separately.
The CRS results attained from specimens that used this batching method are not presented due
to these variabilities.
5.3.2 Using Resedimented Samples Created in the Batch Consolidometer
A total of ten tests were performed, using the Wissa consolidometer. at five different strain
rates varying from 0.15 %/hr to 3.96 %/hr. Two CRS tests were performed at each strain rate
to ensure consistency. These tests will help to determine how changes in strain rate change the
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generation of excess pore pressure. They will also examine the application of the standard
Wissa equations for hydraulic conductivity and coefficient of consolidation under vastly
different rate and pore pressure conditions, and also check the consistency between linear and
nonlinear theories as the strain rate increases.
The results from these tests, reduced using linear theory, are summarized in Table 5-4. Figures
presenting a graphical representation of individual consolidation tests are provided in Figures
5-9 through 5-28, where the black line represents results reduced using nonlinear theory and the
gray line depicts results reduced using linear theory. The figures present plots of axial strain
(Ea), void ratio (e) and coefficient of consolidation (cv) versus logarithm of vertical effective
stress (c'v). Also presented are the plots of void ratio (e) versus hydraulic conductivity (k.).
The plots show the progression of the divergence between the linear and nonlinear theories as
the strain rate increases. Figures 5-29 and 5-30 plot the results of five representative tests from
the group of ten. One test at each different strain rate tested was chosen. The figures present
the data reduced in both the linear and nonlinear methods, where the shaded area indicates the
range of the same data reduced using the nonlinear theory. Pore-water pressure ratios (AL/ )
are presented in Figure 5-31 along with excess pore-water pressures generated for all tests.
Figure 5-32 presents the excess pore-water pressures generated at each strain rate using an
expanded scale (at each strain rate) for easier excess pore-water pressure determination.
One test run at a strain rate of 0.55 %Ihr (CRS 350) was paused in loading at an approximate
axial strain of 5, 15 and 20% to allow excess pore-water pressures to dissipate. A small
increment in total vertical stress was then applied, excess pore-water pressures were again
allowed to dissipate and loading was then resumed at the same strain rate. This test will be
used to determine a number of different things. The first is to help evaluate transient
conditions, since steady state ce, k and Aub are known at this stage of the test, a time constant
can be back calculated to help reconfirm Wissa's assumption of a steady state condition being
reached at a dimensionless time factor (Tv) of 0.5 (or F3 = 0.4). Another problem that this test
will help to clarify is pore-water pressure response time at different points throughout the test.
A small increment in total stress is applied, as explained in an earlier section, and the pore
pressure response is measured at the base of the specimen.
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A summary of the initial specimen conditions is provided in Table 5-4. The following key
points summarize pertinent observations of the test methods and results:
" Calculations were based on the initial volume measurement, initial total mass, and final
mass of solids.
* An Excel spreadsheet, developed at Fugro South Inc., which calculates initial specimen
conditions in a number of different ways was used to ensure reliability and consistency
in the initial specimen calculations. Appendix A presents the spreadsheet used for these
calculations.
* Specimen height measurements were performed using the procedure explained by Force
(1998)
e The average initial water content was 40.1% ± 0.8%, average initial void ratio was
1.099 ± 0.016, the initial saturation was 99.1% ± 0.7% and the specific gravity was
2.714.
* Higher than expected fluctuations in initial water content and initial void ratio.
Possible reasons for this unexpected fluctuation in the initial water content were identified and
evaluated:
" Sample storing procedure and storage time.
* Location of tested specimen within soil cake.
* Differences in moisture loss amongst smaller pieces cut from soil cake for testing.
The samples were sealed using the procedure explained in Chapter 3 and stored in a moisture
room designed to maintain a moist environment. The sample sealing method used is explained
in Chapter 3. Even though careful steps were taken to avoid moisture loss in these samples,
inevitably storage time and the malfunction of the moist room for a brief period of time appears
to have been the cause of the fluctuations in the water content of the tested specimens. Table
5-4 is presented in sequence of the time at which the samples were tested, so the first test
performed on this batch was CRS 322 and the last was CRS 350.
Location of the tested specimen within the soil cake appears to have had little effect on the
initial water content. Water contents were taken at both ends of the soil cake to confirm
uniformity within the soil cake. The average water content for one side was 39.7% and 39.3%
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for the other. Judging from Table 5-4, the water content appears to be fairly uniform with
depth within the soil cake.
As explained in Chapter 3, the original consolidometer batch sample was divided into smaller
pieces for CRS testing. It appears that this might have caused some inconsistencies in the
water content amongst these smaller pieces.
Judging from the above findings, the fluctuations in the water content were due to sample
storage time and fluctuations in water content amongst these smaller pieces. The last few
samples that were tested were taken from a big piece of the soil cake that was left, which
slightly improved the results.
Table 5-4 summarizes the compressibility properties for each test. Both the conventional
Casagrande method and the Strain Energy Method (SE) described by Becker (1987) were used
to estimate maximum past pressure for each test. The following key points summarize
pertinent observations of the test results:
* Except for the fast strain rate (3.93 %/hr), the rest of the tests, shown in Figure 5-29, lie
within a very narrow band.
* The average maximum past pressure is 0.98 ksc by the Casagrande method (C) and 0.95
ksc by the strain energy method (SE) compared to the batch maximum stress of 0.75
ksc. The average value measured for the tests run at 3.88 %/hr and 3.93 %/hr was 1.14
ksc (C) and 1.08 ksc (SE) compared to those from the tests at 0.15 %/hr of 0.98 ksc (C)
and 0.95 ksc (SE).
* The average compression index calculated was 0.411 ± 0.024. The average
compression index for the tests run at the high strain rates was 0.369 and 0.424 for the
tests at the slower rates. The compression indices appear to be fairly consistent for the
tests run a rates of 0.15 %/hr to 1.58 %/hr.
Leroueil (1985) showed a 'p - rat dependence for five sensitive Canadian clays from CRS
oedometer tests run at various strain rates. One of the most important concepts presented by
Leroueil (1985) is that for a given soil, when the a' from each test is normalized by Y'p from
that compression curve, the normalized compression curves lie in a fairly narrow band. Faster
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strain tests clearly lie outside the band in the normally consolidated stress range. During these
faster tests, the pore-water pressure ratio at the base (Aub/o7) is as high as 0.89. The authors
concluded that at the high Aub/ax. values measured in the fast tests, "the method of
interpretation is probably doubtful." Although the soil properties and behavior of sensitive
clays and CH clays are entirely different some comparisons can be drawn. As Force (1998)
showed for RBBC, changing the strain rate in RVBC by an order of magnitude changes the
maximum past pressure by 10 to 15% which confirms the strain rate effect predicted by
Leroueil (1985) for Canadian sensitive clays. Even though the results presented here weren't
normalized by 'p, the trends in RVBC appear to be similar to those presented by Leroueil
(1985). For RVBC, the only test that lies outside the narrow band was the fast test, in which
the Aub/a, was as high as 0.80. What's more interesting to note is that for the range tested, the
tests that fall within the narrow band had Aub/av that ranged from 0.10 to as high as 0.60 (well
above recommended levels) and still produced consistent results with only negligible
differences between tests.
The coefficient of consolidation (cv) falls within a very narrow band and increases greatly for
only the high strain rates (3.88 %/hr and 3.93 %/hr). Only a small portion of the values in the
recompression portion are shown, but as in the normally consolidated portion, the values in
recompression appear to be fairly consistent. Both the magnitude of cv and the trend with stress
level is consistent for the strain rates ranging from 0.15 %/hr to 1.56 %/hr. For the normally
consolidated range, c, decreases with increasing consolidation stress level which is a different
trend from that seen in RBBC, but similar to the behavior of Gulf Coast clays. This decrease in
c, is directly related to the fact that the pore-water pressure ratio increases with increasing o'v.
Examining the hydraulic conductivity (kv) curves in Figure 5-30 reveals an obvious trend in the
data with increase in strain rate. For a specific void ratio, the trend indicates that the hydraulic
conductivity decreases with increasing strain rate. For analysis purposes, most of the data in
the recompression range was truncated due to the unknowns in the initial portion of the test (i.e.
transient conditions, strain rate not constant, negligible Aub for slower strain rate tests).
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5.3.2.1 Comparison Between Linear and Nonlinear Theories
All tests were reduced using both theories and are presented in Figures 5-9 through 5-32, and
are explained in Section 5.3.2. The linear and nonlinear compression curves appear to correlate
very well with each other, especially at the slower strain rates. There is a clear divergence
between the theories as the strain rate increases (i.e. Aub/Ga. increases). For the fast test the
nonlinear theory produces results that are closer to the slower strain rate results than the linear
theory. Figure 5-29 shows that the divergence, between the two theories, reaches a maximum
of 1.45 ksc for the fast strain rate (3.93 %/hr). Note that the term "fast strain rate" is relative to
this type of soil since it creates such high Aub/cv for this type of soil. The divergence between
the two theories may be easily calculated and this is presented and further discussed in
Chapter 6.
The coefficient of consolidation curves are shown in Figure 5-29. The same trends that were
seen in the compression curves are seen in the calculation of c. The theories begin to diverge
as the strain rate increases. However, it is only the fast test that is very different.
The hydraulic conductivity curves are shown in Figure 5-30. Again the slower tests yield
similar results amongst both theories. The results for the fast test, however, decrease
significantly (for nonlinear theory), moving them even further away from the range of results
for the other tests, as the shaded area in the figure would indicate. The hydraulic conductivity
for the nonlinear theory in this theory is calculated directly from the cv and mv. As expected,
because the compression curves are constant but the nonlinear cv decreases, the hydraulic
conductivity also decreases.
5.4 RBBC Consolidation Results
Results are presented from thirteen CRS tests performed on RBBC (Batch No. 420) using the
Wissa consolidometer. Strain rates varied from 0.07 %/hr to 74.10 %/hr. Table 5-5
summarizes seven tests performed by Force (1998). Table 5-6 summarizes the results for six
tests performed for this research. Both sets of results were reduced using linear theory. Only a
brief discussion will be made for these results since Force (1998) had already analyzed and
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discussed these results and the new test results only confirm the observations that she had
made.
Figures 5-33 and 5-34 present the results for seven CRS tests representative of all tests run.
The figures present the data reduced in both the linear and nonlinear methods, where the shaded
area indicates the range of the data reduced using the nonlinear theory. Pore-water pressure
ratios (Aub/O'.) are presented in Figure 5-35 along with excess pore-water pressures generated
for all tests. Figure 5-36 presents the excess pore-water pressures generated at each strain rate
tested using a more expanded scale for easier excess pore-water pressure determination.
Figures for individual CRS tests are provided in Appendix B.
As in RVBC, a test run at a strain rate of 3.76 %/hr (CRS 351) was run with a pause in loading
at an approximate axial strain of 5. 15 and 20% to allow excess pore-water pressures to
dissipate. A small increment in total vertical stress was then applied, excess pore-water
pressures were again allowed to dissipate and loading was then resumed at the same strain rate.
This test will be used to determine a number of different things. The first is to help evaluate
transient conditions, since steady state ce, k and Aub are known at this state a time constant can
be back calculated to help reconfirm Wissa's assumption of a steady state condition being
reached at a Tv of 0.5. Another problem that this test will help to clarify is pore-water pressure
response time at different points throughout the test. A small increment in total stress is
applied and the pore pressure response is measured at the base of the specimen.
A summary of the initial specimen conditions are provided in Table 5-5 and Table 5-6. The
following key points summarize pertinent observations of the test methods and results:
" Calculations were based on the initial volume measurement, initial total mass, and final
mass of solids.
" An Excel spreadsheet, developed at Fugro South Inc., which calculates initial specimen
conditions in a number of different ways was used to ensure reliability and consistency
in the initial specimen calculations. Appendix A presents the spreadsheet used for these
calculations.
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" Specimen height measurements were performed using the procedure explained by Force
(1998).
" The average initial water content for all thirteen tests was 43.6% ± 0.8%, average initial
void ratio was 1.195 ± 0.0176, the initial saturation was 101.1% ± 0.6% and the specific
gravity was 2.78.
Except for the last three tests (CRS334, CRS337 and CRS351), the water content appears to be
fairly uniform with only a slight drop related to storage time. The last three tests were tested
much later than the rest so storage time could explain the larger drop in water content.
Table's 5-5 and 5-6 summarize the compressibility properties for each test. Both the
conventional Casagrande method and the Strain Energy Method (SE) described by Becker
(1987) were used to estimate maximum past pressure for each test. The following key points
summarize pertinent observations of the test results:
* The CRS tests performed for this research follow the same trends presented by Force
(1998).
* Tests CRS 272 and CRS 273 had to be prematurely stopped due to the fact that excess
pore-water pressures generated had begun to exceed the limit of the pressure transducer.
e The average maximum past pressure is 1.44 ksc by the Casagrande method (C) and 1.39
ksc by the strain energy method (SE) compared to the batch maximum stress of 1 ksc.
* The average compression index calculated was 0.367 ± 0.008.
As mentioned in Section 5.3.2 for RVBC an also observed by Force (1998) for RBBC,
changing the strain rate by and order of magnitude changes the maximum past pressure by 10
to 15% which follows right along with what Leroueil (1985) had predicted.
Except for the two faster strain rates the coefficient of consolidation results shown in Figure
5-33 have very good agreement once the soil is normally consolidated. The tests performed for
this research follow the same trend observed by Force (1998), which said that the faster tests hit
the straight-line portion at slightly higher stresses. but except for the tests at the two faster
strain rates, after 2 ksc, all the tests are consistent. The tests at the faster rates (48.10 %/hr and
74.10 %/hr) appear to follow that same trend but much later into the test, unfortunately, since
the test had to be stopped prematurely there's no data to show that it would fall into the same
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trend as the other tests. For the normally consolidated range, c, increases with increasing
consolidation stress level opposite to the trend in RVBC. This increase in cv is directly related
to the fact that the pore-water pressure ratio decreasing instead of increasing.
One point to note in Figure 5-36 is that the unusual trend in the initial portion of the excess
pore-water distribution plot reported by Force (1998) is not as evident in the tests performed for
this research. Only CRS 351 shows this quick increase in pressure, followed by a drop to
almost zero, then picks back up. There is a possibility that the problem could be related to a
slip in the loading system, since the trend is not consistent in all tests.
Except for the faster rate test, Figure 5-34 shows that the hydraulic conductivity curves fall
within a narrow band. As in RVBC, the initial portion of the data was truncated for the same
reasons explained in Section 5.3.2 and also due to the variability that the unusual trend in the
excess pore-water pressure causes.
The relation between the linear and nonlinear theory follow the same trends presented by Force
(1998) and the same trends seen in RVBC. Appendix B presents these individual tests results
reduced using both linear and nonlinear theories, which reconfirms the fact that the theories
diverge as the pore-water pressure ratio increases.
5.5 RVS Consolidation Results
A number of CRS tests were performed on samples that were created using the modified
oedometer. Unfortunately, as in RVBC, these samples provided inconsistent results. Possible
reasons for the unexpected results are:
" Sample disturbance due to the fact that the diameter of the modified oedometer was
only slightly larger than the diameter of the CRS sample thus eliminating the
opportunity to trim away the outer area of the specimen where disturbance is greater
due to side friction.
" The modified oedometer was large enough to only produce one specimen per batch,
thus creating variabilities in void ratio from batch-to-batch. Sheahan (1991) also
reported batch-to-batch void ratio variability on RBBC.
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* Possible change in the makeup of the material fabric since each batch was prepared
separately
e Soil susceptible to liquefaction, thus standard trimming methods create large amounts of
disturbance.
Another batching method, explained in Chapter 3 was tried, which involved pouring the slurry
directly into the CRS mold. This provided slightly better results. The samples were tested at a
number of different strain rates ranging from 3.65 %/hr to 59.9 %/hr. Unfortunately only
negligible excess pore-water pressures were generated, eliminating any possibility of reducing
the data using linear or nonlinear theories.
So compounding the problems with trimming and setup difficulties, only negligible excess
pore-water pressures were generated from these tests, which negated any possibility of
effectively analyzing the data.
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Table 5-1 Physical Characteristics of: (a) Data Instruments Pressure Transducer
(Cauble 1996); (b) Porous Ceramic Stone
Data
Transducer Instruments
Diaphragm Transducer
Diameter, (cm) 1.59
Area, (cm-) 1.98
Thickness, (cm) 0.042
"Deflection, (cm3 pa/N) 3.72E-04
(1) pa = applied pressure
Porous
Soil Moisture Ceramic
Equipment Corporation Stone
Air Entry Value, (bar) 3.0
Approx. Porosity. (% Vol.) 34.0
Hydraulic Conductivity (k), (cm/sec) 1.70E-07
Pore Size, (jim) 0.80
Diameter, (cm) 2.54
Area, (cm2) 5.07
Thickness, (cm) 0.635
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Table 5-2 Time Response to Applied Pressure of Pore Pressure Transducer in Water:
Theoretical Versus Measured Values
Measured Theoretical
Back Response Response
Pressure in Water in Water
Ub *t98 98
(ksc) (sec) (sec)
1.0 33 0.11
1.5 16 0.11
2.0 7 0.11
2.5 2 0.11
3.0 2 0.11
3.5 2 0.11
4.0 2 0.11
4.5 2 0.11
Measured Theoretical
Back Response Response
Pressure in Water in Water
Ub *t 9 8  *t 9 8
(ksc) (sec) (sec)
5.0 2 0.11
5.5 2 0.11
6.0 2 0.11
6.5 2 0.11
7.0 2 0.11
7.5 2 0.11
8.0 2 0.11
*t98 = time required for transducer response to reach 98% of applied pressure
Table 5-3 Time Response to Applied Increment in Total Stress of Pore Pressure
Transducer in Soil: Theoretical Versus Measured Values
Measured Predicted Fitted
Hydraulic Peak Response Response Response Response
Void Conductivity Normalized in Soil at in Soil in Soil Time
Ratio k, Pressure Peak Au b /A * t98 *98 Ratio
e (cm/sec) At b/Aa1  t peak (sec) (sec) (sec) tpeak/t98
(a) CRS 350 on RVBC
0.98 2.7E-08 1.00 21 3.2 2.75 6.6
0.83 6.7E-09 0.98 72 12.8 3.67 5.6
0.66 1.OE-09 0.89 260 86.0 9.50 3.0
(b) CRS 351 on RBBC
1.01 6.7E-08 0.93 7 1.3 2.75 5.4
0.85 3.OE-08 0.76 6 2.9 2.75 2.0
0.71 1.2E-08 0.60 7 7.2 4.80 1.0
*193 = time required for transducer to reach 98% of applied pressure
(1) t98 from pedicted response in soil
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Table 5-4 Summary of CRS Consolidation Results for RVBC using the Wissa Apparatus
wO a' 1) Compression Results Coeficient of Hydraulic Conductivity Pore Press.
HO SE Consolidation Ratio
Test (cm) Cell (%) (g/c m') (ksc) C ea 3.Oksc Cv a'v = 3.Oksc Ck' k e=00 Au /av
No. Press. a' - (cmrh/sec) (cisec) _@ e = 0.90
Erate u1b SO e0 Casagrande ea'v = 1.5kse Ca'v = 5.Oksc Cv a'v = 1.5ksc Cv o'v = 5.0ksc k e = LO ke = 0.80 AUJ/Gv
() (%/hr) (ksc) (%) (ksc) (Cm2/sec) (Cm2/sec) (Cm/sec) (cm/sec) @ e = 0.80
2.35 41.1 1.804 0.86 0.408 0.843 2.92E-04 0.219 9.73E-09 0.266
CRS322 T 1.58 3.92 99.7 1.120 0.90 0.980 0.758 4.37E-04 2.56E-04 2.5IE-08 3.25E-09 0.348
2.35 41.2 1.802 0.88 0.409 0.847 2.92E-04 0.211 8.47E-09 0.283
CRS324 B 1.56 3.88 99.6 1.122 0.91 0.984 0.762 4.16E-04 2.56E-04 2.29E-08 2.88E-09 0.372
2.35 40.6 1.812 0.92 0.425 0.834 2.17E-04 0.224 9.38E-09 0.176
CRS327 T 0.85 3.91 99.8 1.102 0.97 (.976 0.745 3.23E-04 1.78E-04 2.27E-08 3.34E-09 0.226
2.35 40.2 1.807 0.90 0.423 0.825 2.23E-04 0.213 1.14E-08 0.149
CRS328 B 0.85 3.94 99.1 1.101 0.92 0.966 0.736 3.65E-04 1.78E-04 2.86E-08 3.80E-09 0.204
2.36 38.8 1.808 0.94 0.426 0.819 2.23E-04 0.221 1.24E-08 0.104
CRS329 B 0.55 3.91 97.6 1.079 0.97 0.96T 0.732 3.38E-04 1.69E-04 2.96E-08 4.45E-09 0.134
2.35 39.6 1.8 1 2 0.95 0.421 0.838 2.02E-04 0.204 1.07E-08 0.035
CRS340 T 0.15 3.94 98.7 1 .088 0.98 0.977 0.749 3.23E-04 1.39E-04 2.38E-08 3.70E-09 0.040
2.34 39.0 1.816 1.06 0.368 0.864 6.08E-04 0.185 I.02E-08 0.434
CRS346 T 3.88 3.94 98.6 1.073 1.12 0.987 0.793 8.50E-04 5.28E-04 3.40E-08 2.88E-09 0.600
2.35 39.7 - 0.94 0.426 0.831 2.59E-04 0.231 1.38E-08 0.027
CRS347 B 0.15 3.90 98.8 1-.090 0.97 0.971 0.740 3.74E-04 1.69E-04 3.08E-08 5. I I E-09 0.032
2.35 40.4 1.807 1.10 0.369 0.886 6.08E-04 0.202 8.09E-09 0.487
CRS349 T 3.93 3.95 99.3 1.105 1.15 1.015 0.812 8.50E-04 5.28E-04 2.33E-08 2.54E-09 (.626
2.35 40.7 1.808 0.90 0.434 0.820 2.17E-04 0.221 1.25E-08 (.100
CRS350 B 0.55 3.95 99.6 .T07 (.94 (.963 0.723 3.23E-04 .54E-04 3.08E-08 4.45E-09 (.134
Average _____ 4o.1 _.8_8 0.95 0.411 0.841 __3.14E-04 0.213 1.07E-08
3.92 99.1 1(.99 0.98 ( -.978 (.755 4.60E-04 2.56E-04 2.72E-08 3.64E-09
Standard 10.8 0.0014 10.08 0.024 0.021 -- 1.58E-04 1.33E-02 I.85E-09
Deviation 0.7 0.016 0.09 0.016 0.028 2.09E-04 1.49E-04 4.08E-09 8.24E-l10
* Both CC and Ck were estimated from an effective stress of 2 ksc to the end of loading
(1) Section of soil cake where specimen was taken f'rom, Top (T) or Bottom (B)
Table 5-5 Summary of CRS Consolidation Results for RBBC using the Wissa Apparatus (Force 1998)
wO 7, (') Compression Results Coelficient of Hydraulic Conductivity Pore Press.
HO SE Consolidation Ratio
Test (cm) Cell (%) (g/cm") (ksc) Ce edv 4oksc Cva.v 4Oksc Ck k e =o95 Au/
No. Press. a'1, (cn ~/sec) (cm/sec) @ e= I. 10
EiAte u1  So eo Casagrande ea'v = 2.Oksc eI'v =8.Oksc cv 'v = 2.Oksc Cv O'v = 8.Oksc k e = 1.k1 e =0.80 Aub/Gv
(%/hr) (ksc) (4) _______(ksc) _--___ ____ ..___ -nm 2 /sec) (cm 2!/see) (cn/sec) (cm/sec) C e = 0.95
2.36 44.3 - 1.12 0.360 0.965 3.30E-03 0.493 5.16E-08 0.034
CRS238 0.84 3.92 100.5 1.212 1.23 1.073 0.856 2.40E-03 4.OOE-03 1.04E-07 2.56E-08 0.022
2.35 44.4 - 1.06 0.364 0.961 3.30E-03 0.463 5.2313-08 0.033
CRS239 0.85 3.95 100.7 1.213 1.23 1.070 0.851 2.40E-03 4.005-03 1 ~IIOE-07 2.4E-0 0.023
2.34 44.2 - 1.16 0.373 0.960 3.30E-03 0.473 5.51E-08 0.048
CRS241 1.35 3.90 100.9 1.205 1.28 1.072 0.848 2.40E-03-03 .14E-07 l~ i ~.66E-08 0.034
2.35 44.0 - 1.35 0.376 0.971 3.1OE-03 0.430 4.63E-08 0.360
CRS242 12.71 3.91 100.9 I. ~199  I.52 I.084 0.857 3.OOE-03 3.80I-03 1I.03E-07 2.07E-08 0.300
2.35 44.3 - 1.28 0.387 0.968 3.1OE-03 0.405 5.13E-08 0. 1 19
CRS243 4.02 4.02 101.3 1.201 1.42 1.084 0.851 2.60E-03 3.80E-03 1.20E-07 2.19E-08 0.102
2.36 44.23 t - 1.12 0.360 0.962 low Au), low Aub, 0.005
CRS244 0.15 3.89 100.4 1.212 1.19 1.070 0.854 large scatter in cv large scatter in k 0.004
2.35 44.23 t - 1.15 0.369 0.955 low Au, low Au), 0.002
CRS250 ~U.7 3.87 . 2 ~ ~6 ~---- ~ 8---- large scatter in ev large scatter in k ~~U.U2
Average 44.2 - 1.18 0.370 0.963 3.22_E-0_3 45_ 13 E-08
1____ 3.92 100.9 1.206 1.31 1.074 0.852 2.56E-03 .93 3 21303 1.E10E-07 2.39E3-08
Standard 0. 1 - 0. 10 0.01(0 0.005 1.1 E-04 3.5 1 E-02 3. 18E-09
Deviation 0. 006 0.12 0 ~07I 0.005 2.61 E-04 ~IIIE~0~4~ ~~0913-09 ~2.5 1E-I
* Both Cc and Ck were estimated from an elective stress of 3 ksc to the end of loading
t Initial mass of water unavailable, average water content of 44.23% assumed for caclculation
Table 5-6 Summary of CRS Consolidation Results for RBBC using the Wissa Apparatus
wo. YIO ') Compression Results Coefficient of Hydraulic Conductivity Pore Press.
HO SE Consolidation Ratio
Test _(cm)_ Cell (%) (g/cn) (ksc) C e., 4Oksc C av = 4.Oksc Ck k e =0.95 Auv
No. Press. (cm~/sec) (cm/sec) @ e = 1.10
Ee us S, eo Casagrande e0 ., = 2.Oksc ea'v = 8(Lssc v Y'v = 2.Oksc C ov = 8.Oksc k e = 1.1 k e= 0.80 Au/a
(%/hr) (ksc) (%) (ksc) (cm 2/sec) (Cm2 /sec) (cm/sec) (cm/sec) @ e = 0.95
2.36 43.6 1.807 1.38 0.363 0.970 2.90E-03 0.448 4.78E-08 0.110
CRS269 3.04 3.27 100.6 1.204 1.36 1.098 0.862 2.30E-03 3.90E-03 9.28E-08 2.17E-08 0.079
2.35 43.9 1.816 1.76 - - 4.60E-03 0.362 3.77E-08 0.727
CRS272 48.10 3.99 101.9 1.199 1.62 1.118 - 8.OOE-03 - 1.00E-07 - 0.744
2.35 43.9 1.821 2.11 - - - - - 0779
CRS273 74.10 3.92 102.4 1.192 2.00 1.131 - ------- -
2.32 42.6 1.825 1.53 0.361 0.947 2.90E-03 0.451 5.15E-08 0.245
CRS334 7.83 3.97 101.3 1.169 1.51 1.079 0.840 2.60E-03 3.60E-03 1.12E-07 2.40E-08 0.200
2.35 42.5 1.821 1.53 0.361 0.963 2.90E-03 0.451 4.74E-08 0.244
CRS337 7.79 3.95 100.8 1.171 1.54 1.091 0.855 2.60E-03 3.60E-03 1.05E-07 2.19E-08 0.200
2.34 42.1 1.826 1.46 0.365 0.957 2.60E-03 0.452 5.05E-08 0.141
CRS351 3.76 3.96 100.9 1.161 1.51 1.077 0.847 2.30E-03 3.60E-03 1.05E-07 2.25E-08 0.109
Average 43.1 1.819 1.63 0.363 0.959 3.18E-03 4.33E-0I 4.70E-08
3.84 101.3 1.183 1.59 1.099 0.851 3.56E-03 3.68E-03 1.03E-07 2.25E-08
Standard --- (1.8 0.007 0.27 0.002 0.010 8.04E-04 3.96E-02 5.47E-09
Deviation 0.7 0.018 0.22 0.022 0.010 2.49E-03 1.50E-04 7.1 I IE-09 I.04E-09
* Both C, and Ck were estimated from in effective stress of 3 ksc to the end of loading
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Figure 5-10 CRS 340 (0.15 %/hr) Test Results using the Wissa Apparatus: (a)
Compression Curve; (b) Hydraulic Conductivity
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Figure 5-11 CRS 347 (0.15 %/hr) Test Results using the Wissa Apparatus: (a)
Compression Curve; (b) Coefficient of Consolidation
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Figure 5-12 CRS 347 (0.15 %/hr) Test Results using the Wissa Apparatus: (a)
Compression Curve; (b) Hydraulic Conductivity
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Figure 5-13 CRS 329 (0.55 %/hr) Test Results using the Wissa Apparatus: (a)
Compression Curve; (b) Coefficient of Consolidation
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Figure 5-14 CRS 329 (0.55 %/hr) Test Results using the Wissa Apparatus: (a)
Compression Curve; (b) Hydraulic Conductivity
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Figure 5-15 CRS 350 (0.55 %/hr) Test Results using the Wissa Apparatus: (a)
Compression Curve; (b) Coefficient of Consolidation
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Figure 5-16 CRS 350 (0.55 %/hr) Test Results using the Wissa Apparatus: (a)
Compression Curve; (b) Hydraulic Conductivity
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Figure 5-17 CRS 327 (0.85 %/hr) Test Results using the Wissa Apparatus: (a)
Compression Curve; (b) Coefficient of Consolidation
150
-5.0
0.0
5.0
10.0
15.0
20.0
25.0
0.1
-- Nonlinear Theory
Linear Theory
p.m .me a
10
0.0020
0.0015
0.0010
0..
0.0005
0.0000
0.1 10I
1Effective Vertical Stress, Go (ksc)
--
online
- --- Linear
ar Theory
Theory
1E-08
Hydraulic Conductivity, kv (cm/sec)
Figure 5-18 CRS 327 (0.85 %/hr) Test Results using the Wissa Apparatus: (a)
Compression Curve; (b) Hydraulic Conductivity
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Figure 5-19 CRS 328 (0.85 %/hr) Test Results using the Wissa Apparatus: (a)
Compression Curve; (b) Coefficient of Consolidation
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Figure 5-20 CRS 328 (0.85 %/hr) Test Results using the Wissa Apparatus: (a)
Compression Curve; (b) Hydraulic Conductivity
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Figure 5-21 CRS 322 (1.58 %/hr) Test Results using the Wissa Apparatus:
Compression Curve; (b) Coefficient of Consolidation
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Figure 5-22 CRS 322 (1.58 %/hr) Test Results using the Wissa Apparatus: (a)
Compression Curve; (b) Hydraulic Conductivity
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Figure 5-24 CRS 324 (1.56 %/hr) Test Results using the Wissa Apparatus: (a)
Compression Curve; (b) Hydraulic Conductivity
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Figure 5-25 CRS 346 (3.88 %/hr) Test Results using the Wissa Apparatus: (a)
Compression Curve; (b) Coefficient of Consolidation
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Figure 5-26 CRS 346 (3.88 %/hr) Test Results using the Wissa Apparatus: (a)
Compression Curve; (b) Hydraulic Conductivity
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Figure 5-27 CRS 349 (3.93 %/hr) Test Results using the Wissa Apparatus:
Compression Curve; (b) Coefficient of Consolidation
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Figure 5-28 CRS 349 (3.93 %/hr) Test Results using the Wissa Apparatus: (a)
Compression Curve; (b) Hydraulic Conductivity
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Figure 5-29 Constant Rate of Strain Consolidation Results for RVBC in the Wissa
Apparatus: (a) Compression Curves; (b) Coefficient of Consolidation
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Constant Rate of Strain Consolidation Results for RVBC in the Wissa
Apparatus: (a) Compression Curves; (b) Hydraulic Conductivity
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Figure 5-31 Constant Rate of Strain Consolidation Results for RVBC in the Wissa
Apparatus: (a) Excess Pore-Water Pressure; (b) Pore-Water Pressure
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Figure 5-33 Constant Rate of Strain Consolidation Results for RBBC in the Wissa
Apparatus: (a) Compression Curves; (b) Coefficient of Consolidation
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Figure 5-34 Constant Rate of Strain Consolidation Results for RBBC in the Wissa
Apparatus: (a) Compression Curves; (b) Hydraulic Conductivity
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Chapter 6 Interpretation of Strain Rate Effects in CRS Testing
6.1 Introduction
The purpose of the Chapter is to integrate the observations made in separate sections of
Chapters 4 and 5 to gain better understanding of strain rate dependence on cohesive soils and to
assess the validity of different analytical methods for CRS testing. Sorting out the strain rate
issues in the CRS test is extremely important. This is complicated by the fact that the results
depend on the method of analysis, device design (measurement errors), and soil behavior
issues. This Chapter presents an analysis of the current state of knowledge. In all sections. as
appropriate, data from previous research programs regarding CRS testing are compared to the
results obtained from this research.
Section 6.2 evaluates the divergence amongst two different analysis methods, linear and
nonlinear, as the strain rate increases. Experimental results are compared to theoretical
calculations.
Section 6.3 presents the recommended CRS equations for linear and nonlinear calculations to
be used for incremental readings.
Section 6.4 reveals the basic trends from two CRS tests, CRS 350 (RVBC) and CRS 351
(RBBC) to help asses system response time for CRS tests different points throughout the test.
Section 6.5 evaluates the results of the CRS experimental test program on RVBC and RBBC.
The results of 24 tests were presented individually in Chapter 5 for RVBC and Appendix B for
RBBC.
6.2 Divergence Between Linear and Nonlinear Theories
Despite differences in the two types of analysis methods (linear and nonlinear), there is good
agreement between the results (presented in Chapter 5) reduced using linear and nonlinear
theories, particularly at lower AlbI/a values.
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As presented in Chapter 4, Figures 6-1, 6-2, and 6-3 plot the theoretical ratio between the linear
and nonlinear theories versus Aub/o, for a', kr, and c, respectively. The plots also present the
ratios between linear and nonlinear versus maximum Aub/o. value for five RVBC tests, run at
five different strain rates. The results from the five tests agree very well with the theoretical
curves. Although not presented, the same procedure was performed on RBBC test results and
again, the same results that were achieved in RVBC were achieved for RBBC. The
experimental results confirm the theoretical calculations, reiterating the fact that the theories
diverge from each other as the ratio of ALbI/a increases. If the ratio of Aub/ga is kept low
enough, only negligible differences develop amongst both theories. This confirms the
application of the equations.
As to which theory is more correct when the Aub/a, increases (i.e. strain rate increases), and the
theories begin to diverge, solely depends on the behavior of the soil one is dealing with. To
illustrate this point we plotted two CRS tests, one tested on RVBC (Figure 6-4) and the other
on RBBC (Figure 6-5). Two plots are presented for each test; one plots the axial strain (Ea)
versus logarithm of vertical effective stress (a',) and the other the axial strain (e-) versus
vertical effective stress (a'v). As we can see from these plots, part of the compression curve is
log linear and other is linear. From this we can conclude that the curve is neither log linear nor
linear but somewhere in the middle. It can also be deduced that the behavior varies within one
test; hence only tests run at a low pore-water pressure ratio (Aubl) provide reliable
measurements.
6.3 Selected CRS Equations for Linear and Nonlinear Theories
This section summarizes the proposed equations to be used for incremental readings that were
studied in Chapter 4. For the Linear Theory the recommended equations are presented below:
Function, F3:
F, = [6-1]
where:
F3 - at a value of T , = 0.5. F3 = 0.4
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- is the total vertical stress at any given time or line of data
OT,=O) - is the total vertical stress at t = 0
AuhI - is the excess pore-water pressure at the base of the specimen for a given time or line
of data
Effective Vertical Stress, 0'.:
c' =ha [6-2]
3
where:
o'Vn - is the representative effective vertical stress at any given time or line of data
Hydraulic Conductivity, k,:
ri -Ho -HC 
-yTk = " L-" " [6-3]
"" 2- Au1 ,
Substituting for:
r A (AHn+I --- = "n) [6-4]
At HO At
k- LIIn ) - 1H,'11 [6-5]
At-2 -Aub,
where:
k,, - is the vertical hydraulic conductivity at the test temperature for a given time or line of
data
H, - is the initial height of specimen
r, - is the strain rate between the n+1 and n-I lines of data
AHc.n,+ - is the axial deformation (corrected for apparatus compressibility) of the specimen
for a given time or line of data following AHe.,1
AHcn.; - is the axial deformation (corrected for apparatus flexibility) of the specimen for the
time or line of data preceding that given for AHe,,,
At - is the elapsed time between the n+1 and n- 1 lines of data
He., - is the specimen height (corrected for apparatus flexibility) for a given time or line of
data
Ausn - is the excess pore-water pressure at the base of the specimen for a given time or line
of data
y, - unit weight of water
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Coefficient of Consolidation, c,:
c H, = ( " [6-6]
Substituting for:
Av-, = a - [6-7]
Gives:
-=a " 
-( "* + n-L [6-8]
2 -Au,, At
where:
c,., - is the coefficient of consolidation for a given time or line of data
Aay - is the change in total vertical stress between n+l and n-I
- is the total vertical stress for the time or line of data following a,,
at"1.; - is the total vertical stress for the time or line of data preceding that given for ar.,
At - is the elapsed time between the n+1 and n- 1 lines of data
The recommended nonlinear equations are presented below:
Function, F3:
log(o -Au, )-log(a o[
F,='( [6-9]0> - log(a1 ,_O,)
where:
F3 - at a value of T. = 0.5, F3 = 0.4
all' - is the total vertical stress at any given time or line of data
ov(=oy - is the total vertical stress at t = 0
Au.,,n - is the excess pore-water pressure at the base of the specimen for a given time or line
of data
Effective Vertical Stress, O':
'= (, -2- o Au,,, + Aug,)/ [6-10]
where:
- is the representative effective vertical stress at any given time or line of data
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Coefficient of Consolidation, c,:
H) - .n -logo "
d 2 -At-log I1- i 1
where:
cv./ - is the coefficient of consolidation for a given time or line of data
Hydraulic Conductivity, k,:
k 0.434 --r, -H, -H J -6-12.k = - '.4 H" H""i" [6-12]
2 log 1-
Substituting for r, (Equation [6-4])
Gives:
0.434 -(AH. - AHL H) TV [6-13]
2-At- o i
where:
k,., - is the vertical hydraulic conductivity at the test temperature for a given time or line of
data (nth time or line of data)
Note that all selected equations incorporate large strain effects, as opposed to Wissa's proposed
equations that assume small strain theory. Performing calculations using these equations
results in a consistent data set, which is the least sensitive to data collection rate errors. The
vertical effective stress (a',) and the hydraulic conductivity (k,) equations are the least sensitive
to collection rate variations, while the collection rate error assumed for c, will depend on the
actual shape of the compression curve.
6.4 Pore-Water Pressure Measuring System
6.4.1 Pressure Response in Water
Figure 5-1 showed that the normalized pressure (Aub/Aub.1zv) response time improved as the
chamber pressure increased, and also that the response time remained constant after
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approximately 3 ksc assuring that saturation of the measuring system is achieved by this point.
Table 5-2 presented the theoretical and experimental response times for each increment
presented in Figure 5-1. This response time was on the order of seconds, which is considered
to be a much faster than needed to capture the pressure change in the CRS test.
6.4.2 Pressure Response in Soil
The normalized pressure response, measured at the base of the specimen, using RVBC were
shown in Figures 5-2 through 5-4 and for RBBC they were shown in Figures 5-5 through 5-7.
Figure 5-8 provided a comparison between the predicted pore pressure response time at t98 and
the measured pore pressure response time (tpeak) at the peak (Aub/A0.) versus the peak
(Aulb/Ayv). The plot showed that the measured response (tpeak) was as much as six times slower
than the predicted value, and this ratio decreased with decrease in the peak (Au/Aa0). At the
high peak (Aulb/AJ) values, the slow time suggested a geometry related difference. As the
peak (Atu/AJr) decreased, flow from the upper drainage boundary becomes more important,
this in turn reduces the driving pore-water pressure force thus creating a premature peak
Table 6-1 shows measured peak (Aub/Aad) value and the subsequent response time (tpeak) at that
peak. It also shows the predicted t98 value calculated using the theoretical equations presented
in Chapter 5. Also presented is all relevant data pertaining to the analysis that will be
performed in this section. It should be observed that the peak (Au/Auo) presented in Table 6-1
is the actual "response" of the system to the applied increment in stress. It should also be noted
that the pressure response tests are not constant for a particular soil and more important they are
not 100% as should be expected
To aid in understanding the pore pressure response, which should be controlled by soil, trends
in peak (Alb/Aa.) versus constrained modulus (D = l/me), hydraulic conductivity (k,) and
coefficient of consolidation (c,) were looked at. The soil parameters were taken as the
conditions at the void ratio in the pore pressure response test. Figure 6-6 shows that there is a
clear relationship between the peak normalized pressure (ALb/0r) and the constrained
modulus (D). The peak normalized pressure (Aub/J ) decreases with increase in the constrained
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modulus (D). Figure 6-7 plots the peak (Aub/Aa.) versus k, and c, showing that there is not a
relationship between peak (Aub/Aca.) and k, or ce, proving that D is the controlling factor. It
appears that this is occurring due to the fact that water is draining out of the free surface before
the system measures the correct response. This effect appears is more pronounced in RBBC,
RVBC has only minor effects as shown in Figure 6-6. This is very interesting, so the pressure
response is a function of the relative stiffness of the system to the stiffness of the soil. This
finding will prove very useful in explaining some noticeable trends in CRS tests with increase
in strain rate. It should be noted, that these results are device dependent, thus it is not possible
to generalize to other systems.
6.5 CRS Test Results
It should be noted that all the CRS tests presented in Chapter 5 and Appendix B were reduced
using linear and nonlinear analysis methods using the equations presented in Section 4.3 which
assume small strain theory. This is because the importance of the small strain assumption was
found late in the research. This means that the current specimen height, H, for a given time or
line of data was used instead of the equation proposed in Section 6.3, where it accounts for
large strain effects by using the initial specimen height (H,) times H. Although the magnitude
of the k, and c, results presented in Chapter 5 will change, the normalized deviations amongst
CRS tests at different strain rates will not vary. Again as mentioned in Chapter 4, the values of
k, and c, can be easily corrected by multiplying the values by (1+a).
6.5.1 Transient Conditions
Transient conditions for CRS tests were assessed in a number of different ways. Three possible
ways to determine transient conditions were identified and evaluated:
1. Established Methods (Wissa's recommendation of T, = 0.5 or F3 > 0.4)
2. System Response Time
3. Verification of transient conditions using to special CRS tests
The initial focus was on the transient state equations proposed by (Wissa et al. 1971).
Figure 2-3 showed that at a T, = 0.5 the equation for F3 would be equal to approximately 0.4,
independent of soil conditions. A quick calculation was made using Equation [6-14], assuming
a T, = 0.5 and using initial soil parameters of Hdr = 2.3 cm and c, = 0.004 cm2/sec for RVBC
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and Hjr = 2.3 and c, = 0.02 for RBBC to back calculate an approximate elapsed time as to when
transient conditions dissipate. For RVBC an elapsed time of I 1 min was calculated and a value
of 2 min was calculated for RBBC. Calculations were also made for both RVBC and RBBC
tests using the linear theory F3 Equation [6-1].
Figure 6-10 provides a graphical presentation of the calculated results of F3 using Equation
[6-1]. Using the recommended value by Wissa, F3 needs to be higher than 0.4, the plots show
that the transient component dissipates at later and later times as the strain rate increases, for
both RVBC and RBBC, being more evident in RBBC. Closer examination of these plots
reveals similar trends to those seen in the compression plots presented in Chapter 5. Once
again, system response appears to play a role in the perceived trends. This trend is as expected,
as the strain rate increases it is likely that the pore pressure increase is non-steady. For RVBC
(Figure 6-1Oa), it can clearly be seen the CRS test run at a strain rate of 3.93 %/hr (CRS 349) is
the only test outside a narrow band that includes the rest of the CRS tests run at different strain
rates. This raises the question as to whether or not any part of this test is good. From the figure
we can see that, except for CRS 349, transient conditions dissipate (F3 > 0.4) after
approximately 360 sec. The trend of F3 in RBBC with increase in strain rate is more evident.
Since RBBC has a higher modulus than RVBC, as shown in Figure 6-6, the effects of system
stiffness are more prevalent in RBBC. Since the effects of system response are less
pronounced at lower strain rates, the values from these tests can be used as a more
representative value of the real soil behavior. It can determined, that for CRS 238 (0.84 %/hr)
transient conditions have dissipated (F3 > 0.4) after approximately 180 seconds. Table 6-3
identifies the point for each test where F3 is equal to around 0.4 and what pertinent values this
amounts to for each test.
Pore Pressure response times were calculated and presented in Chapter 5. Considering the
system response measured in water gives a response of 2 sec for a saturated system. Judging
from this response time, the system response does not appear to be the controlling factor in
establishing when transient conditions have dissipated, hence the calculations made using
Wissa's recommended values (T, = 0.5 or F3 = 0.4) still control.
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Using CRS 350 and CRS 351 on RVBC and RBBC respectively, an attempt was made to back-
calculate a time factor at a point during the test where relevant parameters are known (i.e. value
of normally consolidated c, and base Aub curve known). This will help to verify Wissa's
recommended values of T, = 0.5 or F3 = 0.4. As explained in Chapter 5. the CRS tests were
backpressure saturated to 4 ksc. The specimen was then consolidated to a selected axial strain,
the test was then stopped and held under a constant vertical stress to allow excess pore-water
pressures to dissipate. The test was then restarted and the time required to reach steady state
conditions was recorded. It was decided that steady state conditions would be reached once the
excess pore-water pressure returned to follow the base (or continuous loading) curve.
Using the equation below, a dimensionless time factor (T) was back calculated to compare to
the recommended value by Wissa (T, = 0.5):
T = [6-14]
Hdr
where:
c, - is the coefficient of consolidation
Hr - is the specimen drainage height
t - is the elapsed time from the start of reloading
Figure 6-8 shows the points at which the transient states were calculated for both CRS tests.
Chapter 5 and Appendix B show the compression curves for CRS 350 (RVBC) and CRS 351
(RBBC) respectively. The point t1 indicates the point at which reloading was started, t2
indicates the point at which the test is assumed to be back on the base Aub curve. Table 6-2
summarizes the pertinent parameters used and the resultant T, and F3 values. One point, out of
the possible two measured for CRS 350 was useable since excess pore-water pressures were not
fully dissipated before the restart of the test for one point. Results show a T, value of 0.62 for
RVBC and values of 0.66 and 0.98 at two different points in RBBC. Wissa reported that
transient conditions would become insignificant by the time T, was around 0.5.
Plotting D versus T, provides some extremely valuable insight as to the reason for this
deviation in T. from Wissa's recommended value. Figure 6-9 shows that the value calculated
for T, increases as D increases, proving once again that the values recorded for Aub are device
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dependent and thus are directly related to the relative stiffness of the soil to that of the system.
Based on this observation, the T. values calculated at the higher void ratios (i.e. lower D)
provide more acceptable results since the response time of the system is much better at lower D
values (Figure 6-6). This shows that there is problem with varying stiffness in soil and the
device that being the case T, or F3 needs to be higher when system stiffness comes into play.
Based on this finding, we now know that the transient condition lasts longer than expected and
that it depends on the soil stiffness and the testing device. For the Wissa CRS we now have a
method to define steady state conditions which allows the possibility of computing F3
(Equations [6-1] or [6-9]) for a given soil stiffness. The earlier data should be truncated.
However, this casts a shadow of doubt on all the subsequent data because a significant amount
of water drains into the base during the test.
6.5.2 Pore Pressure Distribution
Sheahan (1997) presented the isochrone method, explained in Chapter 2, which took the
measured excess pore-water pressure distribution taken at the top, base, and three midspecimen
locations and was analytically curve fitted and integrated, where the resultant area was used to
calculate the average a', in the specimen at that time and Ea level. By fitting the pore pressure
measurements with an equation, Sheahan (1997) was able to give excess pore-water pressure
values throughout the specimen. By taking the integration of the curve as the average value
(Sheahan's isochrone method) the effect of having a distribution goes away and this basically
becomes a linear calculation. Figure 6-11 presents Sheahan's normalized excess pore pressure
distribution (Ate/0v) for one of the 3 %/hr CRS tests, at several axial strain levels (Ev), as it
varies through the specimen height, where a normalized probe height from the base is used as
the scale. The normalized height (AHI/H) is the ratio of the probe distance from the base
divided by the current specimen height.
By taking the (Aute/or,) values from Figure 6-11 at the probe points and normalized them by the
excess pore-water pressure at the base (Aub), at each axial strain level, we can see if at all strain
levels or points throughout the Sheahan's test the pore pressure distribution remains the same
or if it varies with change in axial strain. Figure 6-15 plots the normalized pore pressure
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(Alue/ALIb) versus the specimen height ratio or normalized height as presented by Sheahan
(1997). Also plotted is the normalized pressure distribution from the numerical simulation on a
model soil presented in Chapter 4, and Terzaghi's pore pressure distribution at T = 0.5 (Lambe
and Whitman 1969). The numerical simulation from Chapter 4 and Terzaghi's pore pressure
distribution correlate very well and should be considered the baseline for Sheahan's measured
results. The (Aue/o) results from Sheahan's 3 %/hr test should have collapsed to one unique
distribution, as was the case for the numerical simulation presented in Chapter 4. As we can
see from the plot this was not the case, and in fact the (Aue/Auib) distribution is shifting to the
right as the axial strain increases instead of converging to the baseline distribution (model soil)
as it should be doing. This again, brings up the issues of possible errors in the excess pore-
water pressure readings taken at the base of the specimen due to device effects as seen from
results in this research. Accounting for this error in Sheahan's measured values, Figure 6-15
shows that his values correlate fairly well with the numerical simulation results, basically
reconfirming the pore pressure distribution assumed by Wissa (1971).
Force (1998) interpreted excess pore-water pressures in RBBC with increasing strain rate.
Figure 6-15 shows curves of excess pore-water pressure as a function of strain rate at eight
different void ratios. For each test, the excess pore-water pressure at different void ratios was
read off of the plots in Figure 5-35. Only results at a void ratio of 1.1 or lower were considered
in her analysis since there were variabilities at stresses before this void ratio. Power functions
were used to fit the data and Table 6-6 summarizes the values of these functions. The power
for these equations ranges from approximately 1.04 to 1.05, with an average of 1.047 + 0.005,
indicating that there is almost exactly a linear relationship between excess pore-water pressure
and strain rate hence a unique k, vs. e relationship. The same procedure was performed for
RVBC and those results are presented graphically in Figure 6-14. The power functions used to
fit the data are summarized in Table 6-5. The power for these equations starts at a value of
1.020 at e= 1.05 and increases with decrease in void ratio to a value of 1.206 at e = 0.75. This
variation is the power results in variation of k, with strain rate at a given void ratio. This is a
different trend than that seen in RBBC. Again, this could be related to the fluctuation in
pressure response as the constrained modulus increases. Since RVBC has a lower constrained
180
modulus (i.e. better pressure response) than that of RBBC. the results seen in RVBC might be
more indicative of the real behavior of the soil with increase in strain rate.
Sheahan (1997) reported CRS test results on RBBC prepared in batches using a process based
on methods used at the Massachusetts Institute of Technology. The index and engineering
properties between the RBBC batches used by Sheahan (1997) and those used for this research
should be fairly similar. Since Sheahan (1997) ran CRS tests on a CRS device with larger
dimensions (Height = 6 cm, Dia. = 15.1 cm). An attempt was made to correlate his results to
those of this research by using the relationship, presented by Force (1998). between specimen
height and excess pore-water pressure investigated through tests run in a triaxial apparatus with
no radial drainage and specimen heights ranging from 2.3 cm to 4.5 cm. The pore pressures
were divided by the strain rate and plotted against height for a number of different void ratios.
The height/pore pressure relation is presented in Figure 6-16 and the resultant power equations
in Table 6-7. Unfortunately, Sheahan's paper did not provide enough information to use this
relationship effectively. Since the sample dimensions are different, we can't compare results
based on strain rate since the excess pore-water pressures generated will vary with change in
sample height. One thing that can be done, is comparatively look at Aub/av ratios for both
specimen sizes, since these are normalized values. Fu (2000) commented that for the CRS tests
presented by Sheahan (1997) for a strain rate of 1 %/hr (Table 2-3), the average value of Au/G
was 0.45. Comparing this value with the results presented in Figure 5-35 for this research,
reveals that the strain rate would have to be around 12 %/hr in a test using the standard CRS
specimen height. At this rate it appears that we should expect some hydraulic gradient effects
for this type of soil. Although it is unknown how much this would be since pore pressure
response is device dependent. We can only assume that the Auh/o'v value will increase for the 3
%/hr test causing some very high hydraulic gradients thus reducing the k, and c, values and
having some effect on the compressibility curves. It's important to note that, in our results, for
this research, when we reduced CRS test data using both linear and nonlinear theories, we saw
that, as the strain rate increased, the compression curves, calculated using linear and nonlinear
theories to began to diverge from each other, with the linear theory shifting to the right of the
nonlinear theory in the compression curves (Figures 5-29 and 5-33). If we look at Figure 2-7,
we see that this is the same case for Sheahan's results, the isochrone method, which is similar
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to the linear theory, begins to diverge from the nonlinear theory as the strain rate increases,
confirming the trends seen in our data.
6.5.3 Strain Rate Effects
It's very difficult to quantitatively evaluate strain rate effects since they are coupled with
system stiffness effects but nonetheless general trends can be observed. Figures 5-29 and 5-33
showed the compression curves for RVBC and RBBC respectively. For RVBC it can be seen
that tests lie within a narrow band except for the test run at a strain rate of 3.93 %/hr (CRS
349). RBBC shows a fairly consistent trend of the compression curves shifting to the right as
the strain rate increases. The coefficient of consolidation (c,) results, presented in Figures 5-29
and 5-33 for RVBC and RBBC respectively, shows similar trends to those in the compression
curves. Again, for RVBC, aside from CRS 349 the rest of the tests are fairly constant. For
RBBC, the tests appear to be constant sometime after the a' for each test. Figures 5-30 and
5-34 showed the hydraulic conductivity (k,) results for RVBC and RBBC respectively. From
the results we can see that for RVBC, there is a constant decrease in k, with increase in strain
rate. The results for RBBC show that aside from the fast test (CRS 272) the results fall within a
narrow band.
It is highly unlikely that k, is unique and that c, changes with change in strain rate as shown
from tests results in RBBC. This is probably due to the device effects explained in Section 6.4.
It is more likely that RVBC better represents actual strain rate effects since system response is
much better for this soil.
An attempt was made to quantify hydraulic gradient effects, unfortunately due to the problems
with system response, it was very difficult to decouple the two effects. Prior research by Fox
(1996), concluded that excessive hydraulic gradients applied during testing could cause
reductions in the measured hydraulic conductivity. Although no limits were presented, he did
conclude that the magnitude of the effect is expected to be more important for normally
consolidated soils with high compressibility, such as soft clays. Judging, from the results
presented in Chapter 5. it does appear that this is the case for our CRS tests. There is a definite
reduction in the measured hydraulic conductivity as the strain rate increases and the effects of
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increasing the hydraulic gradient appear to be more prevalent in the softer clay, RVBC than in
the stiffer RBBC. However, the values in RBBC may be biased by the system response.
As mentioned in earlier sections, it appears that system stiffness plays a huge role in the
perceived strain rate effects presented in the compression, hydraulic conductivity and
coefficient of consolidation curves of Chapter 5. This is clearly evident on RBBC, which has a
much higher constrained modulus than RVBC. Looking at Figure 5-33 we can see that the
curves for all tests correlate fairly well in the recompression range but as soon as the test goes
into the normally consolidated range, the stiffness of the soil increases greatly and thus the
constrained modulus increases also. This creates an apparent strain rate effect on the
compression curves that might not have been as obvious if only hydraulic effects were present.
Figure 5-29 one shows the compression curves for RVBC, which shows that only CRS 349
(3.93 %/hr) diverges from the general trend. For RBBC (Fig. 5-33) the values consistently shift
to the right as the strain rate increases. It's interesting to note that this effect stiffness is very
prevalent at around c', and the curves begin to converge after this point. This is probably due
to the fact that a lower pressure response is recorded due to the stiffness effect, thus calculating
higher a', values. The reason that it is more prevalent around a', is because the pore pressure
rate of change increases dramatically at this point. It is difficult to quantify the effects of
system stiffness on the CRS results since they are coupled with hydraulic gradient effects.
One way of possibly analyzing this is by using Figure 6-6 to correct recorded Aub values from
each test at a specific D. So from Figure 6-6 for a specific D (i.e. specific void ratio) value a
Au/J, was attained, this value was then used to correct AUb for four CRS tests run on RBBC.
Table 6-4 presents the results in tabular form and Figure 6-13 presents those same results
graphically along with actual CRS test results. This analysis helps to illustrate the "potential"
impact of device stiffness on the compression curve. From these results we can gather that the
compression curves would shift the curves closer to the slower strain rate tests. There is still
some divergence among the test results but. as mentioned before, that could be partially due to
hydraulic gradient effects.
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From these results we can conclude that there is reason to believe that, except for the fast test,
the RVBC results are more correct than those of RBBC. For RVBC the results in the fast test
may be due to the effect of pore pressure response (i.e. the pore pressure response lags because
of the hydraulic conductivity). Since the rate of increase in the pore pressure is too fast, the
pore pressure is under measured, so k, ends up being too high and a', is also too high. The rest
of the CRS tests on RVBC show a gradient effect in k1, a rather unique Ea - a'v relationship and
a unique c, relationship. For RBBC there appears to be system stiffness effects, which alters
the pore pressure profile (distribution). This appears to be the same case for Sheahan's (1997)
data. This stiffness effect shifts the a', to higher values than what is really the case in the
specimen. Thus a lower pore pressure response is recorded at the base of the specimen due to
this stiffness effect, which results in higher c, and 7', values, especially around a',, where the
pore pressure rate of change increases.
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Table 6-1 Time Response to Applied Increment in Total Stress of Pore Pressure in
Soil for Theoretical and Measured Values
Coef. Measured Predicted
Hydraulic of Constrained Peak Divergence Response Response
Void Cond. Consol. Modulus Normalized Normalized in Soil at in Soil
Ratio k, c V D Pressure Pressure1 ) Peak Al / /Au, *t98
e (cm/sec) (cm 2/sec) (ksc) AU b /A- Au , /Aoa' tpeak, (sec) (sec)
(a) CRS 350 on RVBC
0.98 2.7E-08 3.3E-04 10.7 1.00 0.77 21 3.2
0.83 6.7E-09 3.0E-04 31.3 0.98 0.58 72 12.8
0.66 1.OE-09 1.6E-04 47.8 0.89 0.38 260 86.0
(b) CRS 351 on RBBC
1.01 6.7E-08 3.OE-03 37.0 0.93 0.77 7 1.3
0.85 3.OE-08 3.5E-03 95.1 0.76 0.58 6 2.9
0.71 1.2E-08 4.9E-04 281.7 0.60 0.24 7 7.2
*tos = time required for transducer to reach 98% of applied pressure
(1) Point at which the measured response begins to diverge from the fitted response value
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Table 6-2 Summary of Calculated Time Factors and Pertinent Variables
CRS 350 CRS 351 CRS 351
0.55 %/hr 3.76 %/hr 3.76 %/hr
(RVBC) (RBBC) (RBBC)
Initial Height, H, (cm) 2.345 2.349 2.349
Coefficient of Consolidation, c' (cm2/sec) 0.0003 0.0030 0.0035
@ t1 Void Ratio, e 0.821 1.003 0.851
@ t-, Void Ratio, e 0.795 0.980 0.830
Drainage Height, Hd, (cm) 1.994 2.144 1.982
Elapsed Time, t (min) 138 16.8 18.3
Calculated Dimensionless Time Factor, TV 0.62 0.66 0.98
Term, F3 0.47 0.56 0.76
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Table 6-3 Summary of Values Where F3 ~ 0.4 and Transient Conditions Dissipate and
Steady State Conditions Begin
Strain
Test Rate Actual t Au b
No. (%/hr) F3  (sec) e (ksc) (ksc) Comments
S___ _ __ ___ ____ RVBC _ _ _ _ _ _
CRS 347 0.15 0.689 600 1.087 0.014 0.45 First Data Point
CRS 329 0.55 0.396 240 1.083 0.05 0.29
CRS 327 0.85 0.405 360 1.106 0.09 0.32
CRS 324 1.56 0.436 360 1.126 0.13 0.40
CRS 349 3.93 0.406 1200 1.085 0.45 0.84
S____ _ __ ___ ____ RBBC _ _ _ _ _ _ _ _ _
CRS 238 0.84 0.461 180 1.212 0.02 0.13
CRS 243 4.02 0.987 150 1.201 0.002 0.20 First Data Point
CRS 334 7.83 0.406 285 1.162 0.31 0.47
CRS 242 12.71 0.405 571 1.181 0.49 0.59
CRS 272 48.1 0.187 - - - - Never Reaches 0.4
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Table 6-4 Corrected Aub Values for Four CRS Tests Run on RBBC
Linear Axial
Void Corrected Theory Strain
Ratio D Au A b a vo'FbEa
e (ksc) Aub/Ay, (ksc) (ksc) (ksc) (ksc) (%)
CRS 243 (4.02 %/hr)
1.10 25.0 0.97 0.23 0.24 1.98 1.82 4.59
1.01 37.0 0.93 0.37 0.40 3.26 2.99 8.70
0.85 95.1 0.6 0.72 0.95 8.79 8.16 15.90
0.71 281.7 0.60 0
CRS 334 (7.83 %/hr)
1.10 25.0 0.97 0.50 0.52 2.06 1.71 3.25
1.01 37.0 0.93 0.78 0.84 3.31 2.75 7.43
0.85 95.1 0.76 1.32 1.74 8.41 7.25 14.86
0.71 281.7 0.60 _ _
CRS 242 (12.71 %/hr)
1.10 25.0 0.97 0.88 0.91 2.44 1.83 4.53
1.01 37.0 0.93 1.34 1.44 3.94 2.98 8.60
0.85 95.1 0.76 2.38 3.13 10.31 8.22 15.85
0.71 281.7 0.60 3.92 6.53 25.37 21.01 22.30
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Table 6-5 Effect of Strain Rate on Excess Pore-Water Pressure for RVBC
Ali b =C * Erate
power
Alb b (ksc)
E rate (%/hr)
Table 6-6 Effect of Strain Rate on Excess Pore-Water Pressure for RBBC
Ali b = C * Erate
All b (ksc)
E rate (%/hr)
power
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Void
Ratio Coefficient
e C Power r2
1.05 0.185 1.020 0.9894
1.00 0.287 1.060 0.9965
0.95 0.424 1.115 0.9970
0.90 0.639 1.156 0.9979
0.85 1.019 1.136 0.9989
0.80 1.591 1.172 0.9976
0.75 2.711 1.206 0.9947
Average: 1.124
Standard Deviaton: 0.065
Void
Ratio Coefficient
e C Power r2
1.10 0.060 1.054 0.997
1.05 0.073 1.049 0.9990
1.00 0.090 1.048 0.9992
0.95 0.112 1.047 0.9995
0.90 0.138 1.041 0.9994
0.85 0.166 1.051 0.9996
0.80 0.201 1.044 0.9995
0.75 0.240 1.042 0.9996
Average: 1.047
Standard Deviaton: 0.005
Table 6-7Effect of Height on Excess Pore Pressure (Force 1998)
Excess Pore Pressure/Strain
Excess Pore Pressure (ksc)
Strain Rate (%/hr)
Height (cm)
Rate = Coefficient * Height Power
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Void Ratio Coefficient Power r2
1.15 0.010 1.978 0.994
1.1 0.010 2.106 0.997
1.05 0.013 2.046 0.997
1 0.017 1.973 0.998
0.95 0.022 1.910 0.998
0.9 0.027 1.919 0.999
0.85 0.029 2.040 0.9996
Average: 1.996
Standard Deviation: 0.071
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Chapter 7 Summary, Conclusions, and Recommendations
7.1 Summary and Conclusions
7.1.1 Analysis of Constant Rate of Strain Equations
Chapter 4 presented a complete evaluation of Wissa's Constant Rate of Strain Equations by:
> Looking at the difference between linear and nonlinear theories as Au/o increases.
> Modifying equations for linear and nonlinear theories presented by (Wissa et al. 1971)
for incremental readings.
> Assessing the effects of increasing the time span between test readings for linear and
nonlinear theories.
> Running a numerical simulation to confirm CRS equations
Figures 4-1, 4-2 and 4-3 showed the divergence between the linear and nonlinear theory for a',
k, and c, respectively, as Aub/a increases. From the plots, it can inferred that at a
Aub/a <0.15 the differences between the theories are negligible. As to which theory is more
correct when Aub/J >0.15, depends on the shape of the compression curve (i.e. soil behavior).
The Chapter also presented a set of consistent equations, for linear and nonlinear theories, to
apply to incremental readings when analyzing CRS data.
The numerical simulation on a soil model helped assess a number of things. By eliminating the
assumptions of constant c, and the small strains made by Wissa (1971), we were able to verify
CRS equations at large strains. Figure 4-15 showed a comparison between calculating k, using
small strain theory (Wissa et al. 1971) and making a large strain calculation. As the void ratio
decreases (i.e. Fa increases) assuming small strain theory causes some errors in the calculated
value of c, as well. Section 6.3 presents the selected CRS equations for linear and nonlinear
theories, which account for large strain effects. The simulation also aided in confirming that,
similar to Terzaghi's pore pressure distribution for T > 0.5, the pore pressure distribution
remains constant independent of specimen height and strain rate.
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7.1.2 Equipment Evaluation
Chapter 5 presented results from a study performed on the pore-water pressure measuring
system. Figure 5-1 showed the pressure response in water.
The response time was in the order of seconds, which is considered much faster than required
to capture pressure change in a CRS test. The response was also experimentally evaluated with
soil, using CRS 350 (RVBC) and CRS 351 (RBBC). An increment of total vertical stress was
applied to the specimen at three different void ratios during the test. The pore pressure
response was measured at the base of the specimen. Figure 6-6 showed that the normalized
pressure response depends on soil stiffness and may have a very large effect for fast tests as soil
becomes stiffer. The results also showed that the rate of pore pressure response depends on the
geometry of equipment as well as the hydraulic conductivity of the soil and that the rate of
response may be very important for fast strain rate tests.
7.1.3 Experimental Program Results
This section summarizes the results and conclusions of the Constant Rate of Strain (CRS)
experimental program conducted on RVBC and RBBC. Chapter 5 presented the test results for
RVBC and RBBC, and a brief evaluation of the index and consolidation properties for each
type of soil. Chapter 5 and Appendix B present the individual test results for RVBC and RBBC
respectively. Chapter 6 evaluated the CRS test results performed on RVBC and RBBC. A
total of ten CRS tests were performed on RVBC, using the Wissa consolidometer, at five
different strain rates varying from 0.15 %/hr to 3.96 %/hr. Thirteen CRS tests were performed
on RBBC (Batch No. 420) using the Wissa consolidometer, where strain rates varied from 0.07
%/hr to 74.10 %/hr.
7.1.3.1 Index Properties and Classification
RBBC (Batch No. 420) is a lean illitic glacio-marine clay with enginnering behavior typical of
natural uncemented clay deposits with similar index properties. For the RBBC batch used in
this research (No. 420) we attained, a plastic limit (wp) of 22.6% and a liquid limit (w1) of
45.2%. Consistency within batches of RBBC can be assessed by comparing index properties
amongst batches. Because RBBC has been used so extensively at MIT, a large database of
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both index and engineering properties exists. Based on prior batches of RBBC, this batch is
very typical of past batches.
Index properties for RVBC were attained from results provided by the ASTM Institute for
Standards Research (ISR) Reference and Testing Program. The plastic limit (wp) was 20.4 %
and the liquid limit (wi) was 59.7%. The values reported for this research were compared to
published values and those values correlated fairly well.
7.1.3.2 Constant Rate of Strain Results
Transient conditions for CRS tests were evaluated in Chapter 6. Transient conditions were
assessed in three ways; using Wissa's recommended T, = 0.5 or F3 > 0.4 values, checking
system response time and verification of transient conditions through two special CRS tests.
CRS 350 (RVBC) and CRS 351 (RBBC) presented in Chapter 6. From this analysis it was
determined that the transient duration was in general agreement with Wissa's F3 suggestion.
However, the transient effect may last longer for stiff soils.
Chapter 5 presented the CRS test results performed on RVBC and RBBC. From these
experimental results and from results presented in Chapter 4 we determined that the pore-water
pressure ratio (Aub/o-.) should be less than 0.15 to achieve accurate results with only negligible
differences between linear and nonlinear theories. Until research establishes a definitive design
for the pore pressure measurement- system all CRS testing for soil properties should remain
below this limit.
Although it was difficult to assess strain rate effects due to the coupling of system stiffness,
system response rate and soil behavior effects. Looking at RVBC (when system stiffness is not
a problem) there appears to be a definite reduction in the measured hydraulic conductivity with
increase in strain rate (Figure 5-29). This effect on the hydraulic conductivity appeared to be
more prevalent on RVBC than the stiffer RBBC but again these results could be biased by the
system response. The effect on c-'p is very minor until the hydraulic gradients become very
high.
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Figures 5-29 and 5-33 showed the compression curves for RVBC and RBBC respectively. For
RVBC it can be seen that the tests lie within a narrow band except for the fast test. The data
suggests that this shift is mostly due to a partial pore pressure response. RBBC shows a fairly
consistent trend of the compression curves shifting to higher stresses with increase in strain
rate. For RBBC there appears to be large effects due to system stiffness.
Figures 5-30 and 5-34 showed the hydraulic conductivity (k,) results for RVBC and RBBC
respectively. From the results we can see that for RVBC, there is a constant decrease in k, with
increase in strain rate. The results suggest a gradient effect on k. The results for RBBC
showed virtually no strain rate effects. Aside from the fast test (CRS 272) the results fall
within a narrow band. These results are probably suspect due to the stiffness problem.
The coefficient of consolidation (c,) results, presented in Figures 5-29 and 5-34 for RVBC and
RBBC respectively, show similar trends to those of the compression curves. Again, for RVBC,
aside for the fast test the rest of the tests are fairly constant. For RBBC, there appears to be
large effects due to system stiffness but the curves converge sometime after a'
It is highly unlikely that k, is unique and that c, changes with change in strain rate as shown
from tests results in RBBC. This is probably due to the device effects. It is more likely that
RVBC better represents actual strain rate effects since system response is much better for this
soil.
7.2 Recommendations for Future Research
The experimental and numerical analysis conducted for this research produced a wealth of
information regarding trends in CRS tests and equations. General trends were established for
strain rate effects in CRS testing and modifications to Equations presented by (Wissa et al.
1971) for linear and nonlinear theories were made to apply to incremental readings and to
account for large strain effects. However, the opportunity is now available to expand this
research to further develop our knowledge base by furthering the numerical simulation program
created and to test systems using CRS devices with different stiffnesses. The following
projects are recommended to further this area of possible research:
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Perform CRS tests on a different CRS testing device, such as the Trautwein device, to look at:
" System response times to compare to Wissa consolidometer results
e Vary the type of soil and strain rates to assess it's effects on a system other than the
Wissa device and compare with each other
Change Pore Pressure system in the Wissa consolidometer to be stiffer and softer by:
* Using a miniature transducer, which creates a stiffer system and run tests on this system
at different strain rates in the hopes of decoupling system stiffness and viscous effects.
" Increasing the volume of the system to create a softer system
" Implement an active computer control system to compute for the system stiffness
These two sets of recommendations will aid in creating device specifications for CRS testing.
Further development on the soil model to evaluate effects of linear and nonlinear soil models
would provide very good insight into further developing CRS data interpretation methods.
Also expand model to also assess the recompression portion of the curve and to hopefully aid in
assessing transient conditions.
Investigate gradient effects with constant head hydraulic conductivity tests and also with high
overconsolidation ratios (OCR) tests to eliminate non-uniform consolidation effects.
Test a soil with a higher hydraulic conductivity to provide general guidelines for strain rate
selections based on soil type.
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Constant Rate of Strain Consolidation Procedure
Apparatus Preparation
1. Choose appropriate strain rate and set gears.
2. Ultrasound top porous stone and nylon filter paper.
3. Remove water reservoir and leave a small pool of water on the ceramic stone in the base.
4. Grease o-rings and place the larger two in the grooves on the base plate.
5. With the cell chamber resting horizontally, apply a vacuum to the top of the piston (using
hose from wet/dry vacuum cleaner is convenient) and gently push piston up. After a small
nudge, the vacuum should pull it up. This is to retract the piston without damaging the
diaphragm.
6. Secure the piston with the piston clamp. The LVDT holder is also attached to the clamp
with a spacer (washer) in between so that the LVDT rests on the top of the chamber.
7. With a small puddle of water on the ceramic stone in the base, read the pore pressure zero
from the voltmeter.
8. Tightly screw the threaded rod into the load cell and read the load cell zero.
9. Apply a small amount of pressure to the manifold from the mercury pots. Open the valve to
one of the loose pieces of tubing until water drips from the tubing. Close the valve from the
mercury pots to the manifold and hold the phreatic surface in the open end of the tubing
even with the level of the ceramic stone. Read the chamber pressure zero.
10. Fill a large glass beaker with distilled water and place on the shelf above the apparatus.
11. Make sure that the level of mercury in the mercury pots is close to the silver tape line. If
not, water must be drawn into the screw pump, then forced into the mercury pots (during
which time the valve to the chamber transducer must be closed because pressure builds up
in the manifold).
Specimen Preparation
1. Measure the height of the specimen ring and the depth of the recess tool at least three times
each with the depth micrometer.
2. Measure the diameter of the specimen ring at least three times with the calipers. The
thickness of the nylon filter paper is also measured with the calipers.
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3. Lightly grease the inside of both the specimen ring and the cutting shoe.
4. Mass the greased specimen ring and the filter paper (slightly damp).
5. Mass four tares for water contents (rough cuts, trimmings, top cut, and bottom cut).
6. Connect the correct lucite top cap (which fits over the specimen ring) to the piston of the
trimming device, with the piston held up with a rubber band. There is a different top cap
that fits the specimen ring for the new Trautwein CRS.
7. Extrude approximately 1.5 inches of soil from the tube following normal procedures and
keeping track of specimen orientation. Or if using RBBC, rough cut the diameter with a
wire saw to within 1/8" of the final diameter. Take a water content of rough cuts.
8. Cut the ends of the soil perpendicular to the sides using the miter box and wire saw and
place specimen on wax paper and a plexiglass plate.
9. Cut a piece of wax paper to fit the bottom lucite platen of the trimming device. If slightly
wet, this will stick to the lucite and makes soil placement easier. Set the platen on the soil,
centered as well as possible. If there are imperfections (hard oxidized areas from the tube
for instance), the soil may be positioned to one side to avoid these. Pick up the soil and
platen using the plexiglass plate under them, turn them right side up, and place into the
trimming device.
10. Fit the cutting shoe and specimen ring together (with groove for o-ring facing down.
therefore the soil should have the top facing up) and connect them to the lucite top cap.
These will separate under their own weight, so the piston must then be set down on the soil
to keep everything held together.
11. Push the trimming shoe slightly into the soil and trim excess soil with a small spatula.
Repeat with small pushes into the soil and take the water content of the trimmings.
12. Before reaching the bottom, trim the soil at an angle from the bottom lucite platen.
Otherwise as the cutting edge reaches the bottom, soil tends break off and pull soil from
under the trimming edge.
13. Once the trimming edge reaches the bottom, push the piston down until soil is visible just
above the specimen ring (this can be seen through the lucite top cap).
14. Separate the lucite top cap from the specimen ring by holding the ring in place and lifting
the piston up. Separate the cutting shoe from the specimen ring by holding the specimen
ring in place and pushing the shoe down.
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15. With the specimen ring held sideways, cut excess soil from the bottom edge (the side with
the o-ring groove) using a wire saw. This side is then placed down on wax paper and
plexiglass plate.
16. Make the final cut for the top surface with a wire saw followed by a straight edge to finish.
Take water contents of both the top and bottom cut.
17. Blot the nylon filter paper with a paper towel to remove excess water then place it on the
top surface of the soil.
18. Turn the specimen ring upside down, placing the surface with the filter paper onto the
recess tool. Make sure the ring is firmly down against the recess tool, and make the final
cut for the bottom surface.
19. Mass the specimen and specimen ring to provide the initial total mass.
Specimen Setup
1. Wipe off the water on the ceramic stone in the base with a paper towel and immediately set
down the specimen ring, centered as well as possible.
2. The height of the specimen can be calculated based on the depth of the recess tool and the
height of the specimen ring, however discrepancies were found between this and the height
measured directly. Therefore, once set on the base, the distance from the ring to the
specimen should be measured with the depth micrometer.
3. Place the smaller o-ring over the specimen ring and push it towards the o-ring groove (it
doesn't need to be pushed into the groove, it will be pushed in place by the outer retaining
ring).
4. Set the outer brass retaining ring over the specimen ring and secure with three allen screws.
These should be tightened until they bottom out, otherwise alignment problems may occur.
5. One more depth measurement is taken, using the depth micrometer to measure the distance
between the brass ring and the specimen. This measurement is taken again at the end of the
test and provides a check on the change in height during the test.
6. Set the porous stone on a paper towel to remove excess water, then place it on the
specimen.
7. Set the chamber on the bottom plate and secure with four large bolts.
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8. Holding the piston up, loosen the piston clamp and set the piston set down on the specimen.
It is clear when it is in place by the feel of the top cap hitting the stone.
9. Adjust the DCDT so that it is in range and will continue to be throughout loading.
10. Set the loading bullet on the piston and manually move the load frame platen up until the
load cell is in contact with the bullet and small seating load (-1 kg) is applied to the
specimen. Record this load cell reading as the seating load. At this point, also record the
DCDT zero.
11. Siphon water from the glass beaker through the plastic tubing into the bottom of the
chamber. Close the air vent at the top of the chamber once water flows out.
12. Remove the tubing from the beaker to the chamber and attach the tubing from the manifold
to the chamber (as when taking the cell zero, force some water to flow from the tube to
make sure there aren't air bubbles caught in the system).
13. Make sure the valves are open from the chamber to the manifold and from the manifold to
the mercury pots.
Backpressure Saturation with Height Corrections
1. Raise mercury pots to increase the chamber pressure to 0.25 ksc. Each pressure increment
must be left on until the pressure throughout the specimen is in equilibrium. For Boston
Blue Clay this takes approximately 20 minutes but varies depending on the type of soil.
The pore pressure read through the base of the specimen will stop changing when
equilibrium is reached.
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2. Make a table including the following:
c (ksc) Load Load (kg) 6load (cm) 6ceii (cm) 6 (cm) 6 (v) Target
(mv) dcdt
0 seating base defl. Zero
load
0.25
0.5
0.75
1.0
1.5
2.0
2.5
3.0
4.0
3. The load for the first line of data is the seating load recorded during setup. The load
applied to the specimen in kg is calculated as:
load = load measured by load cell -ac*Ap + WP
where Ap is the area of the piston (3.37 cm 2) and Wp is the weight of the piston (2.02 kg).
4. The deflection due to change in load, Sload, for the seating load is calculated as a base value
and will be subtracted from later corrections. The equation for this is:
6 load = 0.0031 *load0o235
5. The deflection due to change in cell pressure, 6 cenl, for the first line is zero, but will be later
calculated as:
6ceil = 0.001 *c
6. Just before applying the increment to 0.5 ksc. read the load (this could be done before
applying 0.25 ksc, but it is easier to apply the first increment immediately and start
corrections with 0.5 ksc). Calculate the load on the specimen, 6 load, and 5cen. The total
deflection, 6(cm), is calculated as Sload - base deflection + 8ceI. This is converted into a
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voltage, 8(v), based on the DCDT calibration factor. The target DCDT is calculated as the
DCDT zero + 8(v).
7. Raise the mercury pots to apply the 0.5 ksc chamber pressure. Immediately after applying
the pressure, manually adjust the piston until the DCDT reaches the target value. In order
to manually adjust the load frame the clutch should be engaged (chain pulled out).
8. Repeat this process: wait until equilibrium, read the load, calculate the target DCDT value,
and apply the next pressure.
9. Finally, the backpressure of 4 ksc should be left on overnight.
Consolidation
1. Before starting each stage of the test, record the voltages on the data sheet.
2. Start a data acquisition file. The first line of data should be before loading occurs when the
system is in equilibrium and there is no excess pore pressure.
3. Release the clutch (let the chain g'o in) and move the motor switch to the forward position.
Check to see that the load is picking up, sometimes the gears between the drive train and
gear box are not engaged.
4. Load to the desired strain or load, with a maximum change in load cell voltage of 150 mV.
The zero on the load cell in the CRS is approximately 50 mV, so stay under 200 mV.
Secondary Compression
1. When the desired load is reached. turn off the motor and engage the clutch.
2. Close the air vent at the top of the air jack.
3. Make sure the air pressure is turned down and open the valve to connect the air pressure to
the air jack.
4. Increase the pressure in the air jack slowly until load picks up.
5. Continue to increase the pressure while lowering the loading platform manually. The fine
knob is difficult to turn by hand. so use a socket wrench. Ideally the load should stay the
same on the specimen through this process.
6. The platform should be lowered until there is a visible gap between the load cell block and
the load frame cross arm. The load on the specimen is now maintained at a constant value
by the air jack. There is some stick slip behavior of the diaphragm in the air jack, so the
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load may decrease slightly, then jump back the original value. This is typically left on for
24 hours.
Unloading
1. Before unloading, the load needs to be shifted back so it is carried by the load frame rather
than the air jack. The steps above are reversed, decreasing the air pressure gradually and
moving the platform up manually.
2. Close the valve from the air pressure to the air jack and open the air vent on the air jack.
3. Release the clutch and move the motor switch to the reverse position.
Equipment Disassembly
1. Stop the motor and end the data acquisition file.
2. As when pressuring up, the chamber pressure is decreased slowly in increments. This is to
ensure that the ceramic stone in the base does not cavitate.
3. Once the mercury pots are down to 0.25 ksc. close the valve from the pots to the manifold
and from the manifold to the chamber. Open the air vent on the top of the chamber.
4. Once the pore pressure is steady, close the air vent and detach the tube from the manifold to
the chamber.
5. Connect plastic tubing, open the air vent, and drain the cell.
6. Lock the piston in place.
7. Move the loading platform down and remove the loading bullet and threaded rod.
8. Remove the bolts and the outer chamber.
9. Remove the porous stone and ultrasound to clean.
10. Measure the distance from the outer brass ring to the specimen.
11. Remove the brass ring.
12. Remove the specimen and specimen ring by sliding horizontally until they are loose.
Sometimes the specimen is difficult to remove and a piece of wire may be slid between the
base and the specimen ring to break the suction.
13. As soon as the specimen is removed, put water on the bottom ceramic stone.
14. Mass the specimen and specimen ring.
15. Extrude the specimen and place it in a tare in the oven to obtain the mass of solids.
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16. Clean the base (Scotchbright pads may be used to scrub soil off the stone) and o-rings.
Also clean the threaded holes for the allen screws with a q-tip.
17. Leave a covered reservoir of water on the ceramic stone to keep it saturated.
225
MIT GEOTECHNICAL LABORATORY
REFERENCE DATA
CRS TEST
Proec:
Test #
Boring 4
Sample #
Depth
CH# Make/SN I CF Zero &sean I zcro (vVii a Zcro a. fintsh
Cell ?=sure IIII
Pore PressureI tI
Vertical Diso. TI~
Vertical Load
Vin ....
H. Sample Ring
ave. Hs; (cm)
Dia Sample Ring
ave. Dia (cm)
Ht Recess Tool
ave. Har(cm)
Hs..-(H" - Her
-tw) (cm)
As (cm")
V, (cm )
Filter Paper rhickness
ave. tFr (cm)
Wv. &mp14 & Ire (S)
Wt nwplc nnq, S1tar paper.
Wt. samiple (z) (\Ms)
Wt. top cip, stone, riter paper
(z)
Location Final
Container
wt. cont &wet soil (g)
wt. Cont &div soil "g)
wt water f 2
'Wt. container (g
wt. dry- scii (,-) (
water content M%)
ave. initial WC(%
Location of specimen. (X-ray markers)
Tor.anes: above: be!ow:
small shoe (x 2. 5)
standard (x 1.0)
large shoe (x 0.2) ave. torvane ave, torvane
Material Descriotion (color. moisture. texture. lavering. disturbance. sensitivitv):
Z3. Zue
CH 4 end oressure uo I end of loading end of sec. como. end unload
Cell ?ressure I
Pore Pressure
VerUcal Diso.
Vertical Load
Vin
dae time
initials
V.= M, G,
FHj,.= V"ua / A,
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Date San
Date
Complete
Tested By
V. = VI - V,08
, V= 'M. - M,
S, (%) =V. V,
ONE - DIMENSIONAL CONSOLIDATION TEST: Specimen Setup / Take Down
Project Number: Apparatus No.:
Task No.: Specific Gravity, G,: _Meas.: DAssumed
Project Name:
Assig. Remarks:
TEST TYPE:DIncremental (D 2435); LCRS (D 4186); LJSwell / Settlement (D 4546): LCollaps
Dial No.: LVDT No.: Calib Factor (mm/V/V): Excit. Vol
Cal. File No.:
Ring No.:
Ring Area (cm2) =
Ring Height (mm) =
e (D 5333); Other
t, V: Ch. No.:
ITube LiField Extruded Liner Remolded Tamping Constant Effort: Blows/Tamps per Layer =
Boring No.: _Reconstituted Kneading Hammer Wgt.(Ibf)= Tamper: Force (Ibf)=
Sample No.: Composite No.: Impact Drop(in.)= Dia.(in.)=
Depth (ft): Specimen No.: Slurry Undercompaction: U, (%) = Ref. Effort =
iSpec. Selection by X - Ray: F]Geomarine Sample No. Layers = % Comp = Opt.=
Water Initial - Trimming Location Final. Wat Soil and Ring Masses Initial Final
Content (W); Top (W1) Bottom (W2) Sides (W3) (see below) Mass Moist Soil + Ring (g)
Container No. Mass Ring (g)
Mass Moist Soil + Container (g) Mass Moist Soil, Mio or Me (g)
Mass Dry Soil+ Container (g) EXCESS DRY SOIL (soil not incl. in final mass above)
Mass Container (g) Container No.
WATER CONTENT (%) Mass Dry Soil + Container (g)
Avg. Initial Water Content. W4 (') Final Wa: Se Whole Spec. Mass Container (g)
See attached data sheet(s) for additional water contents Mass Excess Dry Soil, Md.es (g) 0.00
Soil Height: Measurements (mm) Soil Height: Calculations, (mm) Initial Final
Initial Final Height of Gauge Block, Hgb (1)
with Spec. without Spec. with Spec. without Spec. Reading on Gauge Block, dgb
Avg. Reading on Soil, d0,,,
Avg. Reading on Apparatus without Specimen, dapp
Soil Height. H = dc01 - dapp + Hgb - dgb_ _
Soil Height: Final by Dial Change During Test (mm)
Initial Height, H0
Yes: N YNo o Require H0b & d00  Final (end of test) Corr. Total Spec. Deformation, AHe1
Yes: No Yes No Filter Paper Used: Final Calculated Height, H1e = Ho-AH01
(1) Req. block nt. to set bench comparator so the final soil ht. can be determined directly by the diff. between the Final Soil Height Measurement, Hfmreading with and without spec. : - 12.7 mm: CRS - 25 mm
Enter value of i_ & d_ only when that value has to be included in the determination of the sod height Normalized Difference in /, (Hrc - Htm)/H.
Estimated Initial Unit Weight
T otal, -1t., (pct)= I Dry, /(d~ (pct)=
Filter Paper Used: Whatman No. 54; Other
Incremental Test: Top & Bottom: Yes: No
CRS Test: Top Only: Yes ; No
Sketch of Specimen
Soil Extruded During Loading
Container No.
Mass Dry Soil + Cont. (g)
Mass Cont. (g)
Dry Mass - Soil Extruded During Loading, Mde, (g)
Photo taken of Sliced Test Specimen:jYes : LNo
Final Visual Description:
Trimming/Etc. Remarks:
L ------------------------- I
Method of trimming periphery: "Casagrande" Lathe; E Cutting Shoe ; DWire Saw; DOther
Method of trimming ends: Wire Saw & Sharp (knife) Straight Edge; DWire Saw & Straight Edge: U Wire Saw
Trim.JRecon. By: Setup By:
Date: Date:
Reviewed By:
Note: NA - Not Applicable
Setup Cal. By:
Take Down Cal. By:
Spot Checked By:
Taken Down By:
Date:
Checked By:
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ONE - DIMENSIONAL CONSOLIDATION TEST: Specimen Calculations & Summary
Project Number: Apparatus No.: Cal. File No.:
Task No.: Specific Gravity, G: j3Measured ;l3 sued.
Calculations Corrected for Salt (dissolved solids): INo or, D Yes, with Concentration = g/kg
Water Mass Degree of Saturation, S in %
Cal.- Content, Dry Soil, Height Final Height
Routine ITEM (%) (g) Initial Meas. Dial
1 Initial, Top, W1
2 Bottom, W2
3 Sides, W3
4 Average, W41
5 Back Calculated (1) (3)
6 Final 1 (2) 1
Calculation Constant, KS(unit conversion) / Gs x p X Mr
Estimated, Ke
Final Selected, Kf1
Calculated Mass Dry Soil for Final Saturation = 100%: using measured/assumed G,
and final height by:jMeasurement; LDial Change.
Back Cal. Mass Dry Soil, (g) =
Avg. Back Calculated and Measured Mass Dry Soil (g) =
Summary of Specimen Physical Propeties
Specific Gravity Assumed To make S, = 100% at end of test.
G, = Measured Avg. of measured/assumed Gs and Gs to make S = 100%
Mass Dry Initial: From Cal. Routine No. Note: Routine #5 is based on final measurements.
Soil, (g) Final (4): Make Sf = 100%, or; Avg. of measured & make Sf = 100%
Initial Height (mm) = Measured; Back Calculated
Final Height (mm) = Measured; Initial Ho & dial change during loading
Water Void Ratio, Degree of Total Unit Dry Unit Height of Extruded soil loss
Content, w e Saturation, S Weight, 't Weight, 'Id Solids, Hs (2,4) proportioned in increasing
(%) (%) (pcf) (pcf) (mm) loading increments:
Initial From To (ksf)
Final
NA - Indicates not applicable
Notes:
(1) Back Calculated based on final mass of oven-dry soil (corrected for dry mass of any excess and extruded soil).
(2) Corrected for any excess dry soil (soil stuck to ring, filter paper, etc.).
(3) This value is only different from the final value if there is soil extrusion during loading.
(4) Final is only different from the initial value if there is soil extrusion during loading.
Calculated By: Reviewed By: Spot Checked By: Checked
Date:
By:
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Calculated Specific Gravity for Final Saturation = 100%:
Used Cal. Routine No. to obtain the mass of dry soil
and final height by: Measurement; DDial Change.
Back Cal. G, =
Avg. G, (measured/assumed) & Back Cal. G, =
Quick Basic CRS Data Reduction Program Using Linear Theory Equations
******************************
'Rev 1.06 programmed by JTG 9/20/99: convert to quick basic
'Rev 1.05 programmed by JTG 8/01/97: app. comp. for new device
'Rev 1.04 programmed by jtg 3/10/97: apparatus compr. equation update
'Rev 1.03 programmed by DFC 1/28/96: apparatus compr. equation
Rev 1.02 programmed by JTG 9/02/94: make output compatable with 123
'Rev 1.02 programmed by MPW 2/15/94: dU/T.Str and Total Work
Rev 1.01 programmed by JVS 1/13/94: regression analysis for Cv and k
revised k equation
Rev 1.0 programmed by JTG rev date 6/27/90
********* **** *********~*~**** * ********** ****
v(i,j) is data reading array;i=1 time;=2 disp;=3 vert sts
=4 pore pressure;=5 cell pressure ;=6 input voltage
r(ij) is results file
'REM $DYNAMIC: V, R
rev$ = "CRS Rev 1.06"
100 DIM V(7, 1000), R(6, 1000), V.L(5, 30), A.D(5, 30), H$(30), zero(6), cf(6), ES(1000),
a.defl(l000), AC(4, 2)
110 FOR I= 1 TO 30: H$(I)= "": NEXT I
120 FOR I= 1 TO 7: P(I) = 1: NEXT I
130 CLS : PRINT
PRINT " **** This Program is part of the ****"
PRINT " * MIT/WCC
PRINT " * GEOTECHNICAL
PRINT " * DATA ACQUISITION
PRINT " * SYSTEM
PRINT "
PRINT " This is the CRS TEST REDUCTION PROGRAM rev 1.06"
PRINT " (last revised in Sept 1999)": PRINT
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PRINT "Please select from the following options"
PRINT " 1 ...Create NEW Reduction File"
PRINT " 2...Input Reduction data from disc"
PRINT " 3...Edit Reduction File in Memory"
PRINT " 4.. .Store Reduction File"
PRINT " 5...Compute and Store Results"
PRINT " 6.. .Print Headings, Data and Results (*)"
PRINT " 7 ...Print Headings and Results (*)"
PRINT " 8...Print Headings (*)"
PRINT " 9.. .Read Program Notes (*) (* = not completed)"
PRINT " 10...End Program"
320 PRINT: INPUT "enter option:", x
ON x GOTO 1350, 2670, 840, 2500, 2820, 130, 130, 130, 350, 6000, 320
GOTO 130
350 REM program notes section
CLS : PRINT: PRINT
PRINT "This program computes STRESSSTRAIN,K ETC."
PRINT "Apparatus deflection for CRS based on AJV 5/1/97 with rigid cap"
PRINT "Data are smoothed for computation of Cv and Kv using input strain range
PRINT " This moving average does not adjust for load reversals"
PRINT " therefore data should be removed for half the strain window"
PRINT " prior to reaching the hold stress point"
PRINT
INPUT "press 'Enter' to continue", ANS$
GOTO 130
440 REM this routine is to be used to input data from a data acq file
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PRINT "
470 OPEN "I", #1, IFIL$(K)
480 INPUT #1, X1$, X2$, nch, X3$, X4$, X1, X2, x5$
490 FOR I = I TO nch + 1
500 INPUT #1, hed$(P(I))
PRINT hed$(P(I));
510 NEXT I
PRINT
520 FOR I = 1 TO nch + 1
530 INPUT #1, ch(P(I))
PRINT ch(P(I));
540 NEXT I
PRINT
550 FOR I= 1 TO nch + 1
560 INPUT #1, DUM(P(I))
PRINT DUM(P(I));
570 NEXT I
PRINT
580 FOR I= 1 TO nch + 1
590 INPUT #1, REF$(P(I))
PRINT REF$(P(I));
600 NEXT I
PRINT
610 FOR I= 1 TO nch + 1
620 INPUT #1, DUM(P(I))
PRINT DUM(P(I));
630 NEXT I
PRINT
FOR I = I TO nch + 1
INPUT #1, DUM(P(I))
PRINT DUM(P(I));
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NEXT I
PRINT
INPUT #1, DUMS
PRINT DUM$
INPUT #1, DUM$
PRINT DUM$
680 FOR I= 1 TO nch + 1
690 INPUT #1, RUTS$(P(I))
700 NEXT I
710 ON ERROR GOTO 780
720 1= 0
7301=1+ 1
740 FOR J= 1 TO nch + 1
750 INPUT #1, V(J, I)
760 NEXT J
770 GOTO 730
780 RESUME 790
790 ON ERROR GOTO 0
800 CLOSE #1
81ONR=I- 1
820 PRINT "Data file "; IFIL$(K); "contains "; NR; "readings"
830 GOTO 3020
840 REM this section creates and edits the reduction file
870
880
890
900
910
920
CLS : EDT$ = "on"
PRINT" *** REDUCTION DATA ***"
PRINT
PRINT" 1. TEST NAME: "; TESTN$
PRINT" 2. DATE : "; DR$
PRINT" 3. YOUR: "; OPRS
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930 PRINT" 4. IN
940 PRINT " HE
960 PRINT" 5. SP
970 PRINT" 6. AP
PRINT " De
980 PRINT
990 PRINT" 7. VE
1000 PRINT"
1010 PRINT".
1020 PRINT " V
1030 PRINT "
PRINT "
1040 PRINT"
1050 PRINT" P
1060 PRINT"
1070 PRINT"
1080 PRINT" C
1090 PRINT"
1100 PRINT"
1110 INPUT "press
1120 CLS
1130 PRINT
1140 PRINT " 8. D
1150 PRINT" T
1160 PRINT" D
1170 PRINT" V
1180 PRINT " F
1190 PRINT " C
1200 PRINT" V
1210 PRINT
1220 PRINT
ITIAL SPECIMEN HEIGHT (cm): "; H.INIT
IGHT OF SOLIDS (cm): "; HS
ECIMEN AREA (sqr cm) "; AREA
PARATUS INFORATION"
vice Name: "; DEVICE$
RTICAL HEIGHT TRANSDUCER, Z:"
ZERO(volts/volt): "; zero(2)
CF (cm/(v/v)): "; cf(2)
ERT. STRESS TRANSDUCER:"
ZERO(volts/volt): "; zero(3)
Seating Value(volts/volt):"; sload
CF (kg/(v/v)): "; cf(3)
ORE PRESSURE"
ZERO(volts/volt): "; zero(4)
CF (ksc/(v/v)): "; cf(4)
ELL PRESSURE"
ZERO(volts/volt): "; zero(5)
CF (ksc/(v/v)): "; cf(5)
'Enter' for more"; ANS$
ATA POSITION IN FILE:"
IME...........column "; P(1)
ISPLACEMENT...column ": P(2); "...channel "; x(2)
ERTICAL STRESScolumn "; P(3); "...channel "; x(3)
ORE PRESSURE .column ": P(4); "...channel "; x(4)
ELL PRESSURE. column "; P(5); "...channel "; x(5)
OLTS IN.......column "; P(6): "...channel "; x(6)
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1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
PRINT" 9.DAT FILE NAME"
FOR I = 1 TO FILS
PRINT" "; IiFIL$(I)
NEXT I
PRINT
INPUT" *** ARE THERE ANY CORRECTIONS (N or Item Number) "; M$
IF M$ = "N" OR M$ = "n" OR M$ = "" GOTO 130
ITNUM = VAL(M$)
IF ITNUM > 11 THEN 1280
CLS
PRINT: PRINT
ON ITNUM GOTO 1390, 1410, 1430, 1450, 1490, 1510, 1570, 2030, 1700, 2500, 2670
1350 REM following lines used only to create new reduction file
1360 CLS : PRINT "Enter the following information"
1370 PRINT "units must be in the kg and cm system"
1380 EDTS = "off"
1390 INPUT "
1400 IF EDT$
1410 INPUT "
1420 IF EDT$
1430 INPUT "
1440 IF EDT$
1450 INPUT "
1460 INPUT "
1480 IF EDT$
1490 INPUT "
1500 IF EDT$
1510 PRINT "
1. TEST NAME: "; TESTN$
= "on" THEN GOTO 870
2. DATE :";DR$
= "on" THEN GOTO 870
3. YOUR NAME: "; OPR$
= "on" THEN GOTO 870
4. INITIAL SPECIMEN HEIGHT (cm): "; H.INIT
HEIGHT OF SOLIDS (cm): "; HS
= "on" THEN GOTO 870
5. SPECIMEN AREA (cm^2) : "; AREA
= "on" THEN GOTO 870
6. SELECT THE TEST DEVICE FROM THE FOLLOWING:"
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1 ...Wissa"
2...Trautwein"
PRINT: INPUT " "; D
1530 IF D = I THEN DEVICE$
1540 IF D = 2 THEN DEVICE$
1550 GOTO 1510
1560 IF EDT
1570
1580
1581
1582
1590
1591
1592
1600
1610
1611
1612
1614
PRINT
PRINT
INPUT
IF a$ =
PRINT
INPUT
IF a$ =
PRINT
PRINT
INPUT
IF a$ =
PRINT
PRINT "
PRINT "
INPUT "
IF a$= ""
1620 PRINT
INPUT"
IF a$ =
1630 PRINT
PRINT "
INPUT "
IF a$= ""
1650 PRINT
= "Wissa": GOTO 1560
= "Trautwein": GOTO 1560
$ = "on" THEN GOTO 870
" 7. VERTICAL HEIGHT TRANSDUCER, Z:"
ZERO(volts/volt): "; zero(2)
value or <enter> to keep current value"; a$
THEN GOTO 1590 ELSE zero(2) = VAL(a$)
CF (cm/(v/v)): "; cf(2)
value or <enter> to keep current value"; a$
THEN GOTO 1600 ELSE cf(2) = VAL(a$)
VERT. STRESS TRANSDUCER:"
ZERO(volts/volt): "; zero(3)
value or <enter> to keep current value"; a$
THEN GOTO 1614 ELSE zero(3) = VAL(a$)
Seating Load (volts/volt): "; sload
This is the load reading when the zero value"
of the displacement transducer is recorded"
value or <enter> to keep current value"; a$
THEN GOTO 1620 ELSE sload = VAL(a$)
"t CF (kg/(v/v)): "; cf(3)
value or <enter> to keep current value"; a$
THEN GOTO 1630 ELSE cf(3) = VAL(a$)
" PORE PRESSURE "
ZERO(volts/volt): "; zero(4)
value or <enter> to keep current value": a$
THEN GOTO 1650 ELSE zero(4) = VAL(a$)
"f CF (ksc/(v/v)): "; cf(4)
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1520 PRINT"
PRINT "
INPUT" value or <enter> to keep current value"; a$
IF a$ = "" THEN GOTO 1660 ELSE cf(4) = VAL(a$)
1660 PRINT" CELL PRESSURE"
PRINT " ZERO(volts/volt): "; zero(5)
INPUT " value or <enter> to keep current value"; a$
IF aS = "" THEN GOTO 1680 ELSE zero(5) = VAL(a$)
1680 PRINT " CF (ksc/(v/v)): "; cf(5)
INPUT" value or <enter> to keep current value"; a$
IF aS = "" THEN GOTO 1690 ELSE cf(5) = VAL(aS)
1690 IF EDT$ = "on" THEN GOTO 870
1700 PRINT" DATA INPUT FILES AND VERTICAL STRESS"
1710 CLS : PRINT
1720 PRINT " two file input modes are available"
1730 PRINT " 1...enter first file name and program will increment"
1740 PRINT " automatically (format yxx.dat)"
1750 PRINT " y-name up to 6 characters"
1760 PRINT " xx-sequence number entered separately"
1770 PRINT " .dat-extension ,added automatically"
1780 PRINT " NOTE..end sequence with stress =-1"
1790 PRINT " 2...enter each file separately "
PRINT " provide the complete file name"
PRINT " end sequence with 'Enter"'
1800 PRINT: INPUT "Please make selection "; S
1810 PRINT
1820 x = 1
1830 IF S = 1 THEN GOTO 1850
1840 IF S = 2 THEN GOTO 1880 ELSE GOTO 1800
1850 INPUT "enter the file name : "; FS
1860 INPUT "enter the starting sequence number: "; x
1870 EXT$ = ".dat"
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1880 ON ERROR GOTO 1990
1890 1= 1
1900 IF x < 10 THEN x$ = "0" + RIGHT$(STR$(x), 1)
1910 IF x > 9 THEN x$ = RIGHT$(STR$(x), 2)
1920 IF S = I THEN IFIL$(I) = F$ + x$ + EXT$: GOTO 1950
1930 PRINT "enter the name for file number "; I;":
1940 INPUT IFIL$(I)
1950 OPEN "i", #1, IFIL$(I)
1960 CLOSE #1
19701= I+ 1:x= x+ 1
1980 GOTO 1900
1990 FILS = I - 1
2000 RESUME 2010
2010 ON ERROR GOTO 0
2020 IF EDT$ = "on" THEN GOTO 870
2030 REM
2040 REM this routine is to be used to select sorting sequence
2050 REM programed by jtg 1/30/89
2060 REM
2070 OPEN "i", #1, IFIL$(1)
2080 INPUT #1, x$, IFIL$, nch, T$, D$, SC, UC, x$
2090 PRINT x$, IFIL$, nch, T$, D$, SC, UC, x$
2100 CLS : PRINT "YOU must select the proper channels for each reading"
2110 PRINT " EVERY file must have the same format"
2120 PRINT " The following inforamtion is based only on the first file"
2130 PRINT
2140 PRINT "this file was created under the name "; IFILS
2150 PRINT "at "; T$; "on "; D$
2160 PRINT "by user number "; UC
2170 U = (V(3, I) - V(4, I))
2180 PRINT "using computer code number "; SC
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2185 PRINT: INPUT "Hit <Enter> to continue..."; ZZ$
2186 CLS
2190 PRINT : PRINT "THE FILE CONTAINS THE FOLOWING CHANNELS"
2200 FOR I= 1 TO (nch + 1)
2210 INPUT #1, xdumS
2220 PRINT xdum$
2230 NEXT I
INPUT #1, xdum
PRINT
2240 FOR I= 2 TO nch + 1
2250 INPUT #1, ch(L)
2260 PRINT ch(I)
2270 NEXT I
2280 CLOSE #1: c = 0
2285 PRINT : INPUT "Hit <Enter> to Continue..."; ZZ$
2286 CLS
2290 REM
2300 REM the following lines are TEST specific
2310 EN$(1) = "TIME ": EN$(2)= "VERT DISP": EN$(6)= "VOLTS IN"
2320 EN$(3) = "VERT.STRESS": EN$(4) = "PORE PRESSURE": EN$(5) = "CELL
PRESSURE"
2330 PRINT: PRINT "Select the channel number for.."
2340 INPUT "The vertical displacement ", x(2)
2350 INPUT "The vertical stress ", x(3)
2360 INPUT "The Pore Pressure ", x(4)
2370 INPUT "The Cell Pressure ", x(5)
2380 INPUT "The input voltage (-1 if not recorded) ", x(6)
2390 REM
2400 REM sort channels by function
2410 P(l) = 1
2420 FOR I = 2 TO nch + 1
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2430 FOR J = 2 TO nch + 1
2440 IF x(I) = ch(J) THEN P(I) = J: c = c + 1
2450 NEXT J
2460 NEXT I
2470 IF x(6) = -1 THEN P(6) = -1
2480 IF c <> 5 THEN PRINT "YOU HAVE A MISMATCH.. TRY AGAIN": c =0: GOTO
2330
2490 IF EDT$ = "on" THEN GOTO 870 ELSE GOTO 130
2500 REM
2510 REM this section stores the reduction data
2520 REM
2530 CLS : PRINT : PRINT
2540 PRINT "This section stores the reduction data on disc"
2550 PRINT "the resulting file can be used for subsequent tests"
2560 PRINT "or be recalled during batch calculation"
2570 PRINT "note: the extension '.red' will be added to the file name"
2580 INPUT "enter the file name (8 character max) ", rfIL$
2590 rfIL$ = rfIL$ + ".red"
2600 OPEN "o", #1, rfIL$
2610 WRITE #1, rev$, rfIL$, DR$, TME$, OPR$, TESTN$, H.INIT, HS, SR, AREA, D, sload,
zero(2), cf(2), zero(3), cf(3), zero(4), cf(4), zero(5), cf(5), FILS, P(1), P(2), P(3), P(4), P(5),
P(6), x(2), x(3), x(4), x(5), x(6)
2620 FOR I = 1 TO FILS
2630 WRITE #1, IFIL$(I)
2640 NEXT I
2650 CLOSE #1
2660 GOTO 130
2670 REM
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2680 REM this section retrieves the reduction file from disc
2690 REM
2700 CLS : PRINT "This section retrieves a reduction file from disc"
2710 INPUT rfIL$
2720 rfILS = rfIL$ + ".red"
2730 OPEN "i". #1, rflL$
2740 INPUT #1, rev$, rfIL$, DR$, TME$, OPR$, TESTN$, H.INIT, HS, SR
2750 INPUT #1, AREA, D, sload, zero(2). cf(2), zero(3), cf(3), zero(4), cf(4). zero(5), cf(5),
FILS, P(l), P(2), P(3), P(4), P(5), P(6), x(2), x(3), x(4), x(5), x(6)
2760 FOR I = 1 TO FILS
2770 INPUT #1, IFIL$(I)
2780 NEXT I
2790 CLOSE #1
2800 IF D = 1 THEN DEVICE$ = "Wissa"
IF D = 2 THEN DEVICE$ = "Trautwein"
2810 GOTO 130
2820 REM
2830 REM this routine computes values for consolidation tests
2840 REM
2850 CLS
2860 OPEN "0", #2, TESTN$ + ".res"
2870 RESTORE
2880 NR.MAX = 1
2900 '
2910 '*****COMPUTATIONS SECTION
2920'
2930 CLS
2940 PRINT "This program uses a moving linear regression analysis in an"
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2950 PRINT "attempt to provide representative values of Cv and k without"
2960 PRINT "being hindered by the problems associated with a high"
2970 PRINT "frequency of data acquisition."
2980 PRINT: PRINT
2990 PRINT " ENTER THE STRAIN INCREMENT TO BE USED FOR THE REGRESSION
ANALYSIS."
2991 PRINT " Input it as a percentage, i.e. input '1.0' for 1% .
2992 PRINT " NOTE: 1.0 is usually a good value. Use a larger value to"
2993 PRINT " 'smooth out' your curves."
2994 INPUT " ENTER THE VALUE YOU CHOOSE "; INC
2997 CLS
2998 LOCATE 10, 15: PRINT "PERFORMING CALCULATIONS"
3000'
'set up the compressibility parameters
GOSUB 5000 'get the values
sforce = (sload - zero(3)) * cf(3) + WP(D)
REF.defl = AC(1, D) * sforce ^ AC(2, D)
3011
3012
3014
3020
3090
3091
3100
3110
3120
3130
3140
3150
FOR K = 1 TO FILS'loop over each file
GOTO 440 'input data into v(1,m)
PRINT "Data retrieval complete for "; IFIL$(K)
REM compute compressibility
IF NR < NR.MAX THEN GOTO 3101 ELSE L.NR = NR.MAX: C = lall ok
REM compute strains
FOR I= 1 TO NR
FORJ=2TO5
V(P(J), I) = ((V(P(J), I) / V(P(6), I)) - zero(J)) * cf(J)
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3220 NEXT J
3221 V(P(3), I) = V(P(3), I) - V(P(5). I) * AP(D) + WP(D)
3222 IF V(P(3), 1) < 0 THEN a.defl = REF.defl: GOTO 3225
3224 a.defl = AC(1. D) * (V(P(3), I) A AC(2, D))
3225 c.defl = AC(4, D) * V(P(5), I)
T.DEFL = REF.defl - a.defl - c.defl
3230 V(P(2), I) = (V(P(2), I) + T.DEFL) / H.INIT * 100
3235 V(P(3), I) = V(P(3), I) / AREA
3240 NEXT I
3245 CLS
3255 CLS : LOCATE 10, 15: PRINT "STORING RESULTS AND PERFORMING
REGRESSION ANALYSIS"
3260 REM data storage
3270 WRITE #2, DATE$, TIME$, OPR$
WRITE #2, "Reduction Program is ", rev$
3280 WRITE #2, IFIL$(K)
3284 WRITE #2, " "
3285 WRITE #2, TESTN$, " CONSOLIDATION TEST RESULTS
Page"
3286 WRITE #2, "
3290 WRITE #2, " Time ", " Strain ", "Vert.Sts". " Pore ", " Cell ", "Eff.Sts.", "Void
Rto", " dU ", " K ", " Cv ", "dU/TVSts", "Tot.Work"
3292 WRITE #2, " (sec) ", " (%) ", " (ksc) ", " (ksc) ", " (ksc) ", " (ksc) ", "
(ksc) ". "(cm/sec)", "(cm2/sec)", "
3294
3295
WRITE #2, " "
TOTWORK = 0
3296'
3297 ' DETERMINE BEGINNING AND ENDING POINTS FOR FULL WINDOW
PROCEDURE
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" "
" " "
3298 '
3299 FOR I = 1 TO NR
3300 IF (ABS(V(P(2), I) - V(P(2), 1)))> INC / 2 THEN BEGIN = I: GOTO 3302
3301 NEXT I
3302 FOR I= NR TO 1 STEP -
3303 IF (ABS(V(P(2), NR) - V(P(2), I))) > INC / 2 THEN ND = I: GOTO 3305
3304 NEXT I
3305 '
FORI= 1 TONR
FLAG = 0
E = (H.INIT - V(P(2), I) * H.INIT / 100 - HS) / HS
U = (V(P(4), I) - V(P(5), I))
ES(I) = V(P(3), I) - ((2 / 3) * U)
IF I= 1 THEN DT = 0: DK = 0: CV = 0: GOTO 3390
IF I < BEGIN OR I> ND THEN FLAG= 1
GOSUB 3630
LOCATE 12, 20: PRINT "Finished line "; I; " out of "; NR;"
UTVS = U / V(P(3), I)
AVESTS = (ES(I) + ES(I - 1)) / 2
DELSTRN = LOG((1 - (V(P(2), I - 1) / 100)) / (1 - (V(P(2), I) / 100)))
INCWORK = AVESTS * DELSTRN
TOTWORK = TOTWORK + INCWORK
WRITE #2, V(l, I), V(P(2), I). V(P(3), I), V(P(4), I), V(P(5), I), ES(I), E, U,
DK, CV, UTVS, TOTWORK
3400 NEXT I
3410 NEXT K
3420 CLOSE #2
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3308
3309
3310
3320
3321
3322'
3325
3326
3332'
3338
3350
3367'
3380
3382
3384
3386
3388
3389'
3390
3430 GOTO 130
3625 '
3630 '***** REGRESSION SUBROUTINE
3635'
3640'
3650 '***** DETERMINE LOCAL REGRESSION WINDOW LIMITS
3653 '
3654 '*****LIMITS FOR MAIN BODY OF DATA
3655 IF FLAG = I THEN GOTO 3728
3660 STRT = 0: FINISH = 0
3670 FOR BEFORE = I TO I STEP -1
3680 IF ABS(V(P(2), BEFORE) - V(P(2), I)) > INC / 2 THEN STRT = BEFORE + 1:
GOTO 3700
3690 NEXT BEFORE
3700 FOR AFTER = I TO NR
3710 IF ABS(V(P(2), AFTER) - V(P(2), I)) > INC / 2 THEN FINISH = AFTER - 1:
GOTO 3722
3720 NEXT AFTER
3722 '
3723 IF STRT = 0 THEN STRT = 1
3724 IF FINISH = NR + I THEN FINISH = NR
3725 IF STRT = FINISH THEN FINISH = STRT + 1
3726 GOTO 3756
3727 '
3728 '*****LIMITS FOR BEGINNING AND END OF DATA SET
3730
3732
STRT = 0: FINISH = 0 'HALFINC=increment at start or end of data set
IF I < BEGIN THEN STRT = 1: HALFINC = ABS(V(P(2), I) - V(P(2), 1)) ELSE
GOTO 3746
3734
3740
FOR AFTER = I TO NR
IF ABS(V(P(2), AFTER) - V(P(2), I)) > HALFINC THEN FINISH = AFTER
- 1: GOTO 3753
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3742 NEXT AFTER
3744'
3746 IF I > ND THEN FINISH = NR: HALFINC = ABS(V(P(2), NR) - V(P(2), I))
3748 FOR BEFORE = ITO I STEP -1
3750 IF ABS(V(P(2), BEFORE) - V(P(2), I)) > HALFINC THEN STRT = I + 1:
GOTO 3753
3752 NEXT BEFORE
3753 IF STRT = FINISH OR STRT >= NR AND I > ND THEN STRT = FINISH - 1
3754 IF STRT = FINISH AND I < BEGIN THEN FINISH = STRT + I
3755
3756 WR=0
3758 '***** DETERMINE LOCAL REGRESSION EQUATION
3760' WR=number of window readings
3770 TI=time, EI=strain, VSI=vertical stress, SUM before a variable indicates sum over
window range
3774'
3780' T12=TIA2
3790 WR = FINISH - STRT + 1
3800 AVGTI= 0: AVGEI= 0: SUMEI= 0: SUMTI 0: SUMTIEI 0: SUMTI2= 0
3806 AVGVSI= 0: SUMVSI =0: SUMTIVSI= 0
3810'
3820 FOR CALC = STRT TO FINISH
3830 SUMTI= SUMTI + V(P(1), CALC)
3840 SUMEI = SUMEI + V(P(2), CALC)
3844 SUMVSI = SUMVSI + V(P(3), CALC)
3850 SUMTI2 = SUMTI2 + (V(P(1), CALC) * V(P(l), CALC))
3856 SUMTIEI = SUMTIEI + (V(P(l), CALC) * V(P(2), CALC))
3858 SUMTIVSI = SUMTIVSI + (V(P(1), CALC) * V(P(3), CALC))
3870 NEXT CALC
3880 AVGTI = SUMTI / WR
3890 AVGEI = SUMEI / WR
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3891 AVGVSI = SUMVSI / WR
3892 '
3900'
3910 BETA = 0
3920' *****SLOPE OF REGRESSION LINE GIVEN BT BETA
3930'
3935
BETAE=strain rate, BETAVS=stress rate
IF (SUMTI2 - WR * (AVGTI) A 2) = 0 THEN BETAE = 1E+ 15: BETAVS =
1E+15: GOTO 3960
3940 BETAE = (SUMTIEI - WR * AVGTI * AVGEI) / (SUMTI2 - WR * (AVGTI) A
2)
3950 BETAVS = (SUMTIVSI - WR * AVGTI * AVGVSI) / (SUMTI2 - WR *
(AVGTI) A 2)
3960'
3980'
3982 DT = V(P(1), I) - V(P(1), I - 1)
3984
3986
DK = BETAE * (((1 - V(P(2), 1) / 100) * H.INIT) A 2) / U / 200000!
CV = BETAVS * (((1 - V(P(2), I) / 100) * H.INIT) A 2) / 2 / U
3990 RETURN
5000' ***** Apparatus Compressibility Parameters
'For the Wissa Device
AC(1, 1) =.0031
AC(2, 1) =.2351
AC(3, 1) = 0
AC(4, 1) =.001
AP(1) = 3.37
WP(1)= 2.04
'piston area
'piston weight
'For the Trautwein Device
AC(1, 2) = .0408
AC(2, 2) = .0578
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AC(3, 2) = 0
AC(4, 2) = .0002
AP(2) = 3.56
WP(2) = 1
RETURN
6000 END
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Quick Basic CRS Data Reduction Program Using Nonlinear Theory
Equations
'**** ** ** ** ** * **** * ** ****** * * ******* ** ** * ***** ** * ** *** **
'Rev 1.07 programmed by JHG 4/10/00: convert eqns. to nonlinear
'Rev 1.06 programmed by JTG 9/20/99: convert to quick basic
'Rev 1.05 programmed by JTG 8/01/97: app. comp. for new device
'Rev 1.04 programmed by jtg 3/10/97: apparatus compr. equation update
'Rev 1.03 programmed by DFC 1/28/96: apparatus compr. equation
'Rev 1.02 programmed by JTG 9/02/94: make output compatable with 123
'Rev 1.02 programmed by MPW 2/15/94: dU/T.Str and Total Work
Rev 1.01 programmed by JVS 1/13/94: regression analysis for Cv and k
revised k equation
'Rev 1.0 programmed by JTG rev date 6/27/90
v(ij) is data reading array;i=1 time:=2 disp;=3 vert sts
=4 pore pressure;=5 cell pressure ;=6 input voltage
r(ij) is results file
'REM $DYNAMIC: V, R
rev$ = "CRS Rev 1.06"
100 DIM V(7, 1000), R(6, 1000), V.L(5, 30), A.D(5, 30), H$(30), zero(6), cf(6), ES(1000),
a.defl(1000), AC(4, 2)
110 FOR I = 1 TO 30: H$(I) = "": NEXT I
120 FOR I = 1 TO 7: P(I) = 1: NEXT I
130 CLS : PRINT
PRINT " **** This Program is part of the ****"
PRINT " * MIT/WCC *"t
PRINT " * GEOTECHNICAL
PRINT" * DATA ACQUISITION
PRINT " SYSTEM
PRINT "*
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PRINT " This is the CRS TEST REDUCTION PROGRAM rev 1.07"
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
(last revised in April 2000)": PRINT
"Please select from the following options"
" 1.. .Create NEW Reduction File"
t 2.. .Input Reduction data from disc"
t 3.. .Edit Reduction File in Memory"
i 4... Store Reduction File"
t 5.. .Compute and Store Results"
6...Print Headings, Data and Results (*)
7.. .Print Headings and Results (*)"
8.. .Print Headings (*)"
9.. .Read Program Notes (*) (* = not completed)"
PRINT" 10...End Program"
320 PRINT: INPUT "enter option:", x
ON x GOTO 1350, 2670, 840, 2500, 2820, 130, 130, 130, 350, 6000, 320
GOTO 130
350 REM program notes section
CLS : PRINT: PRINT
PRINT "This program computes STRESS,STRAINK ETC."
PRINT "Apparatus deflection for CRS based on AJV 5/1/97 with rigid cap"
PRINT "Data are smoothed for computation of Cv and Kv using input strain range"
PRINT " This moving average does not adjust for load reversals"
PRINT " therefore data should be removed for half the strain window"
PRINT " prior to reaching the hold stress point"
PRINT
INPUT "press 'Enter' to continue", ANS$
GOTO 130
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" I
440 REM this routine is to be used to input data from a data acq file
PRINT "***************************************"
470 OPEN "I", #1, IIL$(K)
480 INPUT #1, X1$, X2$, nch, X3$, X4$, X1, X2, x5$
490 FOR I = I TO nch + 1
500 INPUT #1, hed$(P(I))
PRINT hed$(P(I));
510 NEXT I
PRINT
520 FOR I= I TO nch + 1
530 INPUT #1, ch(P(I))
PRINT ch(P(I));
540 NEXT I
PRINT
550 FOR I= 1 TO nch + 1
560 INPUT #1, DUM(P(I))
PRINT DUM(P(I));
570 NEXT I
PRINT
580 FOR I= 1 TO nch + 1
590 INPUT #1, REF$(P(I))
PRINT REF$(P(I));
600 NEXT I
PRINT
610 FOR I= 1 TO nch + 1
620 INPUT #1, DUM(P(I))
PRINT DUM(P(I));
630 NEXT I
PRINT
FOR I = I TO nch + 1
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INPUT #1, DUM(P(I))
PRINT DUM(P(I));
NEXT I
PRINT
INPUT #1, DUM$
PRINT DUM$
INPUT #1, DUM$
PRINT DUM$
680 FOR I= 1 TO nch + 1
690 INPUT #1, RUTS$(P(I))
700 NEXT I
710 ON ERROR GOTO 780
720 I = 0
7301=1+ 1
740 FOR J= 1 TO nch + 1
750 INPUT #1, V(J, I)
760 NEXT J
770 GOTO 730
780 RESUME 790
790 ON ERROR GOTO 0
800 CLOSE #1
81ONR=I- 1
820 PRINT "Data file "; IFIL$(K); "contains "; NR; "readings"
830 GOTO 3020
840 REM this section creates and edits the reduction file
870 CLS : EDT$ = "on"
880 PRINT" *** REDUCTION DATA ***"
890 PRINT
900 PRINT" 1. TEST NAME: "; TESTN$
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910 PRINT " 2. DATE :"; DR$
920 PRINT " 3. YOUR: "; OPR$
930 PRINT " 4. INITIAL SPECIMEN HEIGHT (cm): "; H.INIT
940 PRINT " HEIGHT OF SOLIDS (cm): "; HS
960 PRINT " 5. SPECIMEN AREA (sqr cm) : "; AREA
970 PRINT " 6. APPARATUS INFORATION"
PRINT " Device Name: "; DEVICE$
980 PRINT
990 PRINT" 7. VERTICAL HEIGHT TRANSDUCER, Z:"
1000 PRINT" ZERO(volts/volt): "; zero(2)
1010 PRINT" CF (cm/(v/v)): "; cf(2)
1020 PRINT " VERT. STRESS TRANSDUCER:"
1030 PRINT " ZERO(volts/volt): "; zero(3)
PRINT " Seating Value(volts/volt):"; sload
1040 PRINT " CF (kg/(v/v)): "; cf(3)
1050 PRINT " PORE PRESSURE"
1060 PRINT " ZERO(volts/volt): "; zero(4)
1070 PRINT " CF (ksc/(v/v)): "; cf(4)
1080 PRINT " CELL PRESSURE"
1090 PRINT " ZERO(volts/volt): "; zero(5)
1100 PRINT " CF (ksc/(v/v)): "; cf(5)
1110 INPUT "press 'Enter' for more"; ANS$
1120 CLS
1130 PRINT
1140 PRINT " 8. DATA POSITION IN FILE:"
1150 PRINT " TIME...........column "; P(1)
1160 PRINT " DISPLACEMENT...column "; P(2); "...channel "; x(2)
1170 PRINT " VERTICAL STRESScolumn "; P(3); "...channel "; x(3)
1180 PRINT " PORE PRESSURE .column "; P(4); "...channel "; x(4)
1190 PRINT " CELL PRESSURE. column "; P(5); "...channel "; x(5)
1200 PRINT " VOLTS IN.......column "; P(6); "...channel "; x(6)
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1210 PRINT
1220 PRINT
1230 PRINT" 9.DAT FILE NAME"
1240 FOR I= 1 TO FILS
1250 PRINT" "; IFIL$(I)
1260 NEXT I
1270 PRINT
1280 INPUT" *** ARE THERE ANY CORRECTIONS (N or Item Number) "; M$
1290 IF M$ = "N" OR M$ = "n" OR M$= "" GOTO 130
1300 ITNUM = VAL(M$)
1310 IF ITNUM > II THEN 1280
1320 CLS
1330 PRINT: PRINT
1340 ON ITNUM GOTO 1390, 1410, 1430, 1450, 1490, 1510, 1570, 2030, 1700, 2500, 2670
1350 REM following lines used only to create new. reduction file
1360 CLS : PRINT "Enter the following information"
1370 PRINT "units must be in the kg and cm system"
1380 EDT$ = "off"
1390 INPUT" 1. TEST NAME: "; TESTN$
1400 IF EDT$ = "on" THEN GOTO 870
1410 INPUT " 2. DATE : "; DR$
1420 IF EDT$ = "on" THEN GOTO 870
1430 INPUT " 3. YOUR NAME: "; OPR$
1440 IF EDT$ = "on" THEN GOTO 870
1450 INPUT " 4. INITIAL SPECIMEN HEIGHT (cm): "; H.INIT
1460 INPUT " HEIGHT OF SOLIDS (cm): ": HS
1480 IF EDTS = "on" THEN GOTO 870
1490 INPUT" 5. SPECIMEN AREA (cm^2) : "; AREA
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1500 IF EDT$ = "on" THEN GOTO 870
1510 PRINT" 6. SELECT THE TEST DEVICE FROM THE FOLLOWING:"
1520 PRINT" 1...Wissa"
PRINT " 2...Trautwein"
PRINT: INPUT " "; D
1530 IF D = I THEN DEVICE$ = "Wissa": GOTO 1560
1540 IF D = 2 THEN DEVICES = "Trautwein": GOTO 1560
1550 GOTO 1510
1560 IF EDT$ = "on" THEN GOTO 870
1570 PRINT" 7. VERTICAL HEIGHT TRANSDUCER, Z:"
1580 PRINT " ZERO(volts/volt): "; zero(2)
1581 INPUT " value or <enter> to keep current value"; a$
1582 IF a$ = "" THEN GOTO 1590 ELSE zero(2) = VAL(a$)
1590 PRINT " CF (cm/(v/v)): "; cf(2)
1591 INPUT " value or <enter> to keep current value"; a$
1592 IF a$ = "" THEN GOTO 1600 ELSE cf(2) = VAL(a$)
1600 PRINT " VERT. STRESS TRANSDUCER:"
1610 PRINT " ZERO(volts/volt): "; zero(3)
1611 INPUT " value or <enter> to keep current value"; a$
1612 IF a$ = "" THEN GOTO 1614 ELSE zero(3) = VAL(a$)
1614 PRINT " Seating Load (volts/volt): "; sload
PRINT " This is the load reading when the zero value"
PRINT " of the displacement transducer is recorded"
INPUT " value or <enter> to keep current value"; a$
IF a$ = "" THEN GOTO 1620 ELSE sload = VAL(a$)
1620 PRINT " CF (kg/(v/v)): "; cf(3)
INPUT " value or <enter> to keep current value"; a$
IF a$ = "" THEN GOTO 1630 ELSE cf(3) = VAL(a$)
1630 PRINT" PORE PRESSURE "
PRINT " ZERO(volts/volt): "; zero(4)
INPUT " value or <enter> to keep current value"; a$
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IF a$ = "" THEN GOTO 1650 ELSE zero(4) = VAL(a$)
1650 PRINT " CF (ksc/(v/v)): "; cf(4)
INPUT" value or <enter> to keep current value"; a$
IF a$ = "" THEN GOTO 1660 ELSE cf(4) = VAL(a$)
1660 PRINT" CELL PRESSURE"
PRINT " ZERO(volts/volt): "; zero(5)
INPUT " value or <enter> to keep current value"; a$
IF a$ = "" THEN GOTO 1680 ELSE zero(5) = VAL(aS)
1680 PRINT " CF (ksc/(v/v)): "; cf(5)
INPUT " value or <enter> to keep current value"; a$
iF a$ = "" THEN GOTO 1690 ELSE cf(5) = VAL(a$)
1690 IF EDT$ = "on" THEN GOTO 870
1700 PRINT " DATA INPUT FILES AND VERTICAL STRESS"
1710 CLS : PRINT
1720 PRINT " two file input modes are available"
1730 PRINT " 1.. .enter first file name and program will increment"
1740 PRINT " automatically (format yxx.dat)"
1750 PRINT " y-name up to 6 characters"
1760 PRINT " xx-sequence number entered separately"
1770 PRINT " .dat-extension ,added automatically"
1780 PRINT " NOTE..end sequence with stress =-1"
1790 PRINT " 2...enter each file separately "
PRINT " provide the complete file name"
PRINT " end sequence with 'Enter'
1800 PRINT : INPUT "Please make selection "; S
1810 PRINT
1820 x = 1
1830 IF S = 1 THEN GOTO 1.850
1840 IF S = 2 THEN GOTO 1880 ELSE GOTO 1800
1850 INPUT "enter the file name : "; F$
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1860 INPUT "enter the starting sequence number: "; x
1870 EXT$ = ".dat"
1880 ON ERROR GOTO 1990
1890 1= 1
1900 IF x < 10 THEN x$ = "0" + RIGHT$(STR$(x), 1)
1910 IF x > 9 THEN x$ = RIGHT$(STR$(x), 2)
1920 IF S = 1 THEN IFIL$(I) = F$ + x$ + EXT$: GOTO 1950
1930 PRINT "enter the name for file number "; I;":
1940 INPUT IFIL$(I)
1950 OPEN "i", #1, IFIL$(I)
1960 CLOSE #1
19701= I+ 1: x=+ 1
1980 GOTO 1900
1990 FILS = I - 1
2000 RESUME 2010
2010 ON ERROR GOTO 0
2020 IF EDT$ = "on" THEN GOTO 870
2030 REM
2040 REM this routine is to be used to select sorting sequence
2050 REM programed by jtg 1/30/89
2060 REM
2070 OPEN "i", #1, IFIL$(1)
2080 INPUT #1, x$, IFIL$, nch, T$, D$, SC, UC, x$
2090 PRINT x$, IFIL$, nch, T$, D$, SC, UC, x$
2100 CLS : PRINT "YOU must select the proper channels for each reading"
2110 PRINT " EVERY file must have the same format"
2120 PRINT " The following inforamtion is based only on the first file"
2130 PRINT
2140 PRINT "this file was created under the name "; IFILS
2150 PRINT "at "; T$; "on "; D$
2160 PRINT "by user number "; UC
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2170 U = (V(3, I) - V(4, I))
2180 PRINT "using computer code number "; SC
2185 PRINT: INPUT "Hit <Enter> to continue..."; ZZ$
2186 CLS
2190 PRINT: PRINT "THE FILE CONTAINS THE FOLOWING CHANNELS"
2200 FOR I= 1 TO (nch + 1)
2210 INPUT #1, xdum$
2220 PRINT xdum$
2230 NEXT I
INPUT #1, xdum
PRINT
2240 FOR I = 2 TO nch + 1
2250 INPUT #1, ch(I)
2260 PRINT ch(I)
2270 NEXT 1
2280 CLOSE #1: c = 0
2285 PRINT: INPUT "Hit <Enter> to Continue..."; ZZ$
2286 CLS
2290 REM
2300 REM the following lines are TEST specific
2310 EN$(1)= "TIME ": EN$(2)= "VERT DISP": EN$(6)= "VOLTS IN"
2320 EN$(3) = "VERT.STRESS": EN$(4) = "PORE PRESSURE": EN$(5) = "CELL
PRESSURE"
2330 PRINT: PRINT "Select the channel number for.."
2340 INPUT "The vertical displacement ", x(2)
2350 INPUT "The vertical stress ", x(3)
2360 INPUT "The Pore Pressure ", x(4)
2370 INPUT "The Cell Pressure ", x(5)
2380 INPUT "The input voltage (-I if not recorded) ", x(6)
2390 REM
2400 REM sort channels by function
257
2410 P(l) = I
2420 FOR I= 2 TO nch + 1
2430 FOR J= 2 TO nch + 1
2440 IF x(I)= ch(J) THEN P(I) = J: c = c + 1
2450 NEXT J
2460 NEXT I
2470 IF x(6) = -1 THEN P(6) = -1
2480 IF c <> 5 THEN PRINT "YOU HAVE A MISMATCH.. TRY AGAIN": c =0: GOTO
2330
2490 IF EDT$ = "on" THEN GOTO 870 ELSE GOTO 130
2500 REM
2510 REM this section stores the reduction data
2520 REM
2530 CLS : PRINT: PRINT
2540 PRINT "This section stores the reduction data on disc"
2550 PRINT "the resulting file can be used for subsequent tests"
2560 PRINT "or be recalled during batch calculation"
2570 PRINT "note: the extension '.red' will be added to the file name"
2580 INPUT "enter the file name (8 character max) ", rfIL$
2590 rfIL$ = rfIL$ + ".red"
2600 OPEN "o", #1, rfIL$
2610 WRITE #1, rev$, rfIL$, DR$, TME$, OPRS, TESTN$, H.INIT, HS, SR, AREA, D, sload,
zero(2), cf(2), zero(3), cf(3), zero(4), cf(4), zero(5), cf(5), FILS, P(l), P(2), P(3), P(4), P(5),
P(6). x(2), x(3), x(4), x(5), x(6)
2620 FOR I = 1 TO FILS
2630 WRITE #1, IFIL$(I)
2640 NEXT I
2650 CLOSE #1
2660 GOTO 130
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2670 REM
2680 REM this section retrieves the reduction file from disc
2690 REM
2700 CLS : PRINT "This section retrieves a reduction file from disc"
2710 INPUT rfIL$
2720 rfIL$ = rfIL$ + ".red"
2730 OPEN "i", #1, rfIL$
2740 INPUT #1, rev$, rfIIL$, DR$, TME$, OPR$, TESTNS, H.INIT, HS, SR
2750 INPUT #1, AREA, D, sload, zero(2), cf(2), zero(3), cf(3). zero(4), cf(4), zero(5), cf(5),
FILS, P(l), P(2), P(3), P(4), P(5), P(6), x(2), x(3), x(4), x(5), x(6)
2760 FOR I= 1 TO FILS
2770 INPUT #1, IFIL$(I)
2780 NEXT I
2790 CLOSE #1
2800 IF D = 1 THEN DEVICE$ = "Wissa"
IF D = 2 THEN DEVICE$ = "Trautwein"
2810 GOTO 130
2820 REM
2830 REM this routine computes values for consolidation tests
2840 REM
2850 CLS
2860 OPEN "0", #2, TESTN$ + ".res"
2870 RESTORE
2880 NR.MAX = 1
2900'
2910 '*****COMPUTATIONS SECTION
2920'
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2930 CLS
2940 PRINT "This program uses a moving linear regression analysis in an"
2950 PRINT "attempt to provide representative values of Cv and k without"
2960 PRINT "being hindered by the problems associated with a high"
2970 PRINT "frequency of data acquisition."
2980 PRINT: PRINT
2990 PRINT " ENTER THE STRAIN INCREMENT TO BE USED FOR THE REGRESSION
ANALYSIS."
2991 PRINT " Input it as a percentage, i.e. input '1.0' for 1% .
2992 PRINT " NOTE: 1.0 is usually a good value. Use a larger value to"
2993 PRINT " 'smooth out' your curves."
2994 INPUT " ENTER THE VALUE YOU CHOOSE "; INC
2997 CLS
2998 LOCATE 10, 15: PRINT "PERFORMING CALCULATIONS"
3000 '
'set up the compressibility parameters
GOSUB 5000 'get the values
sforce = (sload - zero(3)) * cf(3) + WP(D)
REF.defl = AC(1, D) * sforce A AC(2, D)
3011
3012
3014
3020
3090
3091
3100
3110
3120
3130
FOR K = I TO FILS'loop over each file
GOTO 440 'input data into v(l,m)
PRINT "Data retrieval complete for "; IFILS(K)
REM compute compressibility
IF NR < NR.MAX THEN GOTO 3101 ELSE L.NR = NR.MAX: C = 'all ok
REM compute strains
FOR I= 1 TO NR
M =2
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3140 FOR J = 2 TO 5
3150 V(P(J), I) = ((V(P(J), I) / V(P(6), I)) - zero(J)) * cf(J)
3220 NEXT J
3221 V(P(3), I) = V(P(3), I) - V(P(5), I) * AP(D) + WP(D)
3222 IF V(P(3), ) < 0 THEN a.defl = REF.defl: GOTO 3225
3224 a.defl = AC(1, D) * (V(P(3), I) A AC(2, D))
3225 c.defl = AC(4, D) * V(P(5), I)
T.DEFL = REF.defl - a.defl - c.defl
3230 V(P(2), I) = (V(P(2), I) + T.DEFL) / H.INIT * 100
3235 V(P(3), I) = V(P(3), I) / AREA
3240 NEXT I
3245 CLS
3255 CLS : LOCATE 10, 15: PRINT "STORING RESULTS AND PERFORMING
REGRESSION ANALYSIS"
3260 REM data storage
3270 WRITE #2, DATE$, TIME$, OPRS
WRITE #2, "Reduction Program is ", rev$
3280 WRITE #2. IFIL$(K)
3284 WRITE #2, " "
3285 WRITE #2, TESTN$, " CONSOLIDATION TEST RESULTS
Page"
3286 WRITE #2, "
3290 WRITE #2, " Time ", " Strain ", "Vert.Sts", " Pore ", " Cell ", "Eff.Sts.", "Void
Rto"," dU "," K ", " Cv ", "dU/TVSts", "Tot.Work"
3292 WRITE #2, " (sec) ", " (%) ", " (ksc) ", " (ksc) ", " (ksc) ", " (ksc) ", " ",
(ksc) ", "(cm/sec)". "(cm2/sec)", " " "
3294 WRITE #2."
3295 TOTWORK = 0
3296'
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3297 '***** DETERMINE BEGINNING AND ENDING POINTS FOR FULL WINDOW
PROCEDURE
3298 '
3299 FOR I = 1 TO NR
3300 IF (ABS(V(P(2), I) - V(P(2), 1))) > INC / 2 THEN BEGIN = I: GOTO 3302
3301 NEXT I
3302 FOR I= NR TO 1 STEP -I
3303 IF (ABS(V(P(2), NR) - V(P(2), I))) > INC / 2 THEN ND = I: GOTO 3305
3304 NEXT I
3305 '
FOR I= 1 TO NR
FLAG = 0
E = (H.INIT - V(P(2). I) * H.INIT / 100 - HS) / HS
U = (V(P(4), I) - V(P(5), I))
'Following line changed for Nonlinear Theory
21' ES(I) = V(P(3), I) -((2 / 3) * U)
22 ES(I) = (V(P(3), I) A 3 2 * U * V(P(3), I) 2 + V(P(3), I) * U A 2) A (1 /3)
25 IF I= 1 THEN DT = 0: DK = 0: CV = 0: GOTO 3390
26 IF I < BEGIN OR I> ND THEN FLAG= 1
32'
38 GOSUB 3630
50 LOCATE 12, 20: PRINT "Finished line "; I; " out of "; NR; "
67'
80 UTVS = U / V(P(3), I)
AVESTS = (ES(I) + ES(I - 1)) / 2
DELSTRN = LOG((1 - (V(P(2), I - 1) / 100)) / (1 - (V(P(2), I) / 100)))
INCWORK = AVESTS * DELSTRN
TOTWORK = TOTWORK + INCWORK
WRITE #2, V(1, I), V(P(2), I), V(P(3), I), V(P(4), I). V(P(5), I), ES(I), E, U,
DK. CV, UTVS, TOTWORK
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3308
3309
3310
3320
33
33
33
33
33
33
33
33
33
3382
3384
3386
3388
3389'
3390
3400 NEXT I
3410 NEXT K
3420 CLOSE #2
3430 GOTO 130
3625 '
3630 '***** REGRESSION SUBROUTINE
3635
3640
3650
3653
'***** DETERMINE LOCAL REGRESSION WINDOW LIMITS
3654 '*****LIMITS FOR MAIN BODY OF DATA
3655 IF FLAG = 1 THEN GOTO 3728
3660 STRT = 0: FINISH = 0
3670 FOR BEFORE = I TO 1 STEP -1
3680 IF ABS(V(P(2), BEFORE) - V(P(2), I)) > INC / 2 THEN STRT = BEFORE + 1:
GOTO 3700
3690 NEXT BEFORE
3700 FOR AFTER = I TO NR
3710 IF ABS(V(P(2), AFTER) - V(P(2), I)) > INC / 2 THEN FINISH = AFTER - 1:
GOT
3720
3722
3723
3724
3725
3726
3727
3728
3730
3732
GOT
O 3722
NEXT AFTER
IF STRT = 0 THEN STRT = 1
IF FINISH = NR + 1 THEN FINISH = NR
IF STRT = FINISH THEN FINISH = STRT + 1
GOTO 3756
'
'*****LIMITS FOR BEGINNING AND END OF DATA SET
STRT = 0: FINISH = 0 'HALFINC=increment at start or end of data set
IF I < BEGIN THEN STRT = 1: HALFINC = ABS(V(P(2), I) - V(P(2), 1)) ELSE
D 3746
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3734 FOR AFTER = I TO NR
3740 IF ABS(V(P(2), AFTER) - V(P(2), I)) > HALFINC THEN FINISH = AFTER
- 1: GOTO 3753
3742 NEXT AFTER
3744'
3746 IF I > ND THEN FINISH = NR: HALFINC = ABS(V(P(2), NR) - V(P(2), I))
3748 FOR BEFORE = I TO 1 STEP -1
3750 IF ABS(V(P(2), BEFORE) - V(P(2), I)) > HALFINC THEN STRT = I + 1:
GOTO 3753
3752 NEXT BEFORE
3753 IF STRT = FINISH OR STRT >= NR AND I > ND THEN STRT = FINISH - 1
3754 IF STRT = FINISH AND I < BEGIN THEN FINISH = STRT + 1
3755,
3756 WR=0
3758' *'*** DETERMINE LOCAL REGRESSION EQUATION
3760' WR=number of window readings
3770 TI=time, EI=strain, VSI=vertical stress, SUM before a variable indicates sum over
window range
3774'
3780
3790
3800
3806
3810
3820
3830
3840
3844
3850
3856
3858
T12=TIA2
WR = FINISH - STRT + I
AVGTI =0: AVGEI= 0: SUMEI= 0: SUMTI= 0: SUMTIEI 0: SUMTI2 =0
AVGVSI =0: SUMVSI =0: SUMTIVSI =0
FOR CALC = STRT TO FINISH
SUMTI = SUMTI + V(P(l), CALC)
SUMEI = SUMEI + V(P(2), CALC)
SUMVSI = SUMVSI + V(P(3), CALC)
SUMTI2 = SUMTI2 + (V(P(I), CALC) * V(P(1), CALC))
SUMTIEI = SUMTIEI + (V(P(1), CALC) * V(P(2), CALC))
SUMTIVSI = SUMTIVSI + (V(P(1), CALC) * V(P(3), CALC))
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3870 NEXT CALC
3880 AVGTI = SUMTI / WR
3890 AVGEI = SUMEI / WR
3891 AVGVSI = SUMVSI / WR
3892
3900'
3910 BETA = 0
3920' *****SLOPE OF REGRESSION LINE GIVEN BT BETA
3930' BETAE=strain rate, BETAVS=stress rate
3935 IF (SUMTI2 - WR * (AVGTI) ^ 2) =0 THEN BETAE = IE+ 15: BETAVS =
IE+15: GOTO 3960
3940 BETAE = (SUMTIEI - WR * AVGTI * AVGEI) / (SUMTI2 - WR * (AVGTI) A
2)
3950 BETAVS = (SUMTIVSI - WR * AVGTI * AVGVSI) / (SUMTI2 - WR *
(AVGTI) A 2)
3960'
3980'
3982 DT = V(P(1), I) - V(P(l), I - 1)
'Following lines changed for nonlinear theory
3984' DK = BETAE * (((1 - V(P(2), I) / 100) * H.INIT) A 2) / U / 200000!
'LSTS=calculated stress for previous line of data based on BETAVS
3985 LSTS = V(P(3), I) - BETAVS * DT
'LU = U for previous line of data
LU = V(P(4), I - 1) - V(P(5), I - 1)
3986' CV = BETAVS * (((I - V(P(2), I) / 100) * H.INIT) A 2) / 2 / U
CV = -(((1 - V(P(2), I) / 100) * H.INIT) A 2) * LOG(V(P(3), I) / LSTS) / 2 / DT /
LOG(1 - (U + LU) / (V(P(3), I) + LSTS))
'CE = strain index
CE = (BETAE * DT) / LOG(V(P(3), I) / LSTS) / 100
MV = 2 * CE / (V(P(3), I) + LSTS)
DK = CV * MV / 1000
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3990 RETURN
5000' ***** Apparatus Compressibility Parameters
'For the Wissa Device
AC(l, 1)= .0031
AC(2, 1)= .2351
AC(3, 1) = 0
AC(4, 1) = .001
AP(1) = 3.37 'piston area
WP(1) = 2.04 'piston weight
'For the Trautwein Device
AC(1, 2) = .0408
AC(2, 2) = .0578
AC(3, 2) = 0
AC(4, 2) = .0002
AP(2) = 3.56
WP(2) = 1
RETURN
6000 END
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Appendix B
RBBC Individual Test Results
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